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Adriaan van Maanen, for more than thirty-three years a member of the staff of the 
Mount Wilson Observatory, died from a heart ailment on January 26, 1946. 

He was born in Sneek, Holland, on March 31, 1884, the son of Johan Willem Gerbrand 
and Catharine Adriana van Maanen. He wis educated at the University of Utrecht, 
where he received his B.A. in 1906, his M.A. in 1909, and his Sc.D. in 1911. During 1909— 
11 he worked at the Groningen Observatory under the eminent Dutch astronomer, 
Kapteyn, who at that time was directing the attention of the astronomical world to the 
study of stellar motions through his discovery of the phenomena of star streaming. 
This contact with Kapteyn shaped van Maanen’s life in two ways. It influenced him to 
devote his efforts to the field of astrometry and led him to follow his teacher on a visit to 
the United States to find larger instruments and better climatic conditions for such 
work. So in 1911, with the aid of a gift from an older cousin, he went to the Yerkes 
Observatory as a volunteer assistant and in July, 1912, came to the Mount Wilson 
Observatory, again as a volunteer assistant. On September 1, 1912, he was appointed a 
member of the Observatory staff. 

In his early days on Mount Wilson, van Maanen assisted in the daily observations of 
the sun with the 5-foot spectroheliograph and took part in the general program of spec- 
trographic observations with the 60-inch reflector. In 1913, however, he started his own 
program of observations for the determination of stellar parallaxes and in 1915 began 
observations for the determination of proper motions. In Pasadena he assisted Dr. Hale 
in measuring the plates taken to determine the general magnetic field of the sun, work 
which demanded a considerable portion of his office-time up to 1920. 

His life was devoted primarily to four definite programs, three of them his own, the 
fourth Dr. Hale’s: (1) parallaxes of stars and planetary nebulae; (2) proper motions of 
stars, clusters, and nebulae; (3) internal motions of clusters and spiral nebulae; and 
(4) the general magnetic field of the sun. His major papers, numbering about fifty, ap- 
peared as Contributions from the Mount Wilson Observatory in the Astrophysical Journal, 
and his bibliography shows over a hundred minor articles published in the United States 
and Europe, about half of them in the Publications of the Astronomical Society of the 
Pacific. 

It should be pointed out that van Maanen’s was the first serious attempt to use a 
large reflector for the measurement of the stellar parallax. He encountered many diff- 
culties not met in the use of a refracting telescope and was successful in overcoming 
most of them. A few parallax plates with the 100-inch telescope, using a reducing sec- 
tor, were unsatisfactory because of coma in the images too far from the center of the 
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plates; he showed, however, that the 100-inch telescope plates taken without the sector, 
permitting the use of comparison stars near the plate center, gave good results. There- 
after, in his parallax work he observed the brighter stars which needed reduction in 
light at the Cassegrain focus of the 60-inch telescope and used the Newtonian focus of 
the 100-inch only for the observation of faint stars requiring no reduction. The efficiency 
of this procedure was appreciated by other parallax observers, many of whom requested 
observations of stars so faint that exposure times with a refractor would be unduly 
long. After 1930, in a search for stars of low luminosity, van Maanen concentrated his 
attention on faint stars with large proper motion. This work, which could have been done 
efficiently only with a large telescope, has been of unique value in adding to our knowl- 
edge of star density and of the luminosity function in the neighborhood of the sun. By 
1944, when the first symptoms of his illness developed, van Maanen had published paral- 
laxes of objects in 475 fields. As soon as it appeared probable that he would be unable 
to continue his observational work, it became his ambition to finish the measurement of 
an even 500 fields. Although he was able to work but a few hours each day, he con- 
pleted the measures of the final 25 fields only a few days before his death and left the 
results in such form that they can readily be prepared for publication. 

The thesis presented by van Maanen for his doctorate in 1911 was entitled ‘‘The 
Proper Motions of 1418 Stars in and near the Clusters 4 and x Persei.’’ The probable 
errors of the proper motions, +070057, were not large for that era; but, since the motions 
of most of the stars in the region amount,to only a few thousandths of a second of arc, 
the observations were not accurate enough to indicate which belonged to the cluster and 
which did not. Almost the last paper he published (1944) was ‘“The Proper Motion of 
the Cluster 4 Persei.”” He had reduced the probable errors of the motions nearly nine- 
fold, to +0%00067, and was able to assign 320 stars definitely to the cluster and to indi- 
cate the probability that 300 more are cluster members. This persistent search for greater 
accuracy was characteristic, and his measures of motions in the galactic clusters, such as 
Perseus, the Pleiades, and Messier 13 and 67, and in regions in the Hyades and Orion 
should prove of outstanding value in the study of the constitution and life-histories of 
these organizations. One program in the field of proper motions he was unable to com- 
plete, the very important determinations of the motions of a selected list of 125 variable 
stars, mainly Cepheids with both long and short periods. Nearly all the second-epoch 
plates have been secured, and the investigation will soon be completed by others. 

Two of van Maanen’s investigations—his measures of the apparent rotation of 
spiral nebulae and those of the general magnetic field of the sun—have been subject to 
wide discussion and criticism. The reasons are obvious: both sets of measures have far- 
reaching cosmical significance, and both involve quantities in general smaller than the 
probable errors of measurement. 

When unimpeachable evidence of the great distances of the spiral nebulae was gath- 
ered (1925), it became clear that van Maanen’s consistent measures after 1916 of the 
apparent rotations could not represent actual motion. Several pairs of plates measured 
by him were remeasured on the same comparator and reduced by the same methods by 
a number of other observers. Their measures indicated either no rotation or at most a 
small fraction of that originally indicated. Later, van Maanen himself remeasured some 
of the fields on plates separated by a greater interval of time and found much smaller 
internal motions, although the total displacements were much the same. When the diffi- 
culty of these measures, not on sharp stellar images but on nodules of fused stellar images 
and nebulosity, is appreciated, it seems safe and just to conclude that the large apparent 
motions measured by van Maanen were the results of systematic errors due to the char- 
acter and distribution of the images. 

With regard to the sun’s magnetic field Dr. Hale wrote in 1914: “Our knowledge of 
the general magnetic field of the sun is based upon line displacements so minute as to 
fall within the ordinary limits of error of spectroscopic measurements.’’ Measures of the 
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field were all made by van Maanen without knowledge of the part of the sun under ob- 
servation and utilized the parallel-plate method, which was considered the most accu- 
rate available at that time for the purpose. This method is especially effective because 
the edges of the lines are the parts primarily affected by a magnetic field. The results were 
substantiated by measures made with the Koch registering microphotometer, which 
supposedly removed any personal equation. So, in spite of the fact that other measurers 
using the less desirable method of the wire-micrometer failed to detect the displacements, 
Hale and others felt that the existence of a general magnetic field during the period 
1912-20 was definitely established. In a later series of measurements (1933-35), in 
which van Maanen had no part and for which new instrumental techniques had been 
developed, several experienced observers derived results, in Hale’s words, “‘reasonably 
parallel to those of van Maanen,” while others equally experienced got no positive 
results. Hale concluded that ‘possibly the general magnetic field of the sun varies in 
intensity in an unknown period.”” New methods developed by Babcock are now being 
applied to this study, and judgment as to the strength and possible variability of the 
sun’s magnetic field should be reserved until the results of new measures have been 
carefully examined. 

Van Maanen was an active member of numerous scientific organizations, among 
them the American Astronomical Society, the Astronomical Society of the Pacific, 
the Royal Astronomical Society, the Société Astronomique de France, the Astronomi- 
sche Gesellschaft, the Amsterdam Academy of Sciences, the Utrecht Society, and Sigma 
Xi. He was especially interested in the International Astronomical Union, of which he 
was a member from its inception. He served as a member of four of its commissions: 
(24) Parallaxes and Proper Motions, (28) Nebulae and Star Clusters, (32) Selected Areas, 
and (33) Stellar Statistics; and he went abroad to attend its meetings at Cambridge 
(1925), Paris (1935), and Stockholm (1938). 

He never married but, nevertheless, enjoyed an extensive social life. He was good 
company and was continually in demand to complete a table of bridge or fill out a dinner 


. party. He was a member of the Valley Hunt Club of Pasadena and delighted in enter- 


taining his friends there and at his home. Among all his activities, however, the one 
closest to his heart arose from his interest in the education of the promising young man of 
limited financial means. He was the prime organizer of the Students Fund, Inc., raised 
most of the money, and from 1928 to 1940 served as president. This organization has to 
date provided substantial aid in the education of 202 young men. He took great pride in 


the fact that this fund had never suffered a serious loss, the loans having been repaid after . 


graduation, many times with added contributions, and he lived long enough to see 
some of the former recipients of loans become directors of the fund. In perpetuation of 
his memory this fund has recently been renamed the ‘‘van Maanen Fund.” 


RALPH E. WILSON 
Mount WILSON OBSERVATORY 
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ABSTRACT 

The amplitudes of the light-variation of Polaris in the period of 3.96 days are found to range from 
0.166 mag. at 3530 A to 0.036 mag. at 10,300 A in the simple sine-curves which characterize the changes 
of this star. The variation at each wave length is close to one-ninth of the corresponding variation of 
5 Cephei. The inferred variation of spectral type of Polaris is from cF6 to cF7. The period of the variation 
has become longer than predicted by any of the formulae derived in the past. 








Ever since the light-variation of Polaris was established by E. Hertzsprung? in 1911, 
this star has stood out at one end of the sequence of Cepheid variables as having the 
smallest amplitude of change. Compared with a photographic range of 0.17 mag. for 
Polaris, no other star in H. Schneller’s’ catalogue for 1941 is clearly of the same type, 
with a variation of less than 0.30 mag. The continuous variables of small range, like 

B Cephei and 12 Lacertae, have early B-type spectra; and ordinarily they do not repeat 

their changes accurately even in successive cycles. Likewise, 6 Scuti, though of spectrum 

F4, is irregular in its variation.* Polaris, however, seems to be a true variable of the 
5 Cephei or ¢ Geminorum type, repeating its light and spectral changes in the period of 
3.96 days continuously for years. 

After the light-curves in six colors for 6 Cephei' itself had been determined with a 
photocell on the 60-inch reflector at Mount Wilson, we planned to do the same for 
Polaris when opportunity offered. Accordingly, the star was measured on eight nights 
in the summer of 1944 to fix the amplitudes of the simple sine-curves which characterize 
the variation. As expected, there was a progressive decrease in the amplitudes with in- 
creasing wave length from 3530 A to 10,300 A. Because of the small total variation it 
would be very difficult to establish a slight retardation of phase like that of 6 Cephei for 
the longer wave lengths. For Polaris the magnitudes in five of the colors seemed to 
change together in the same phase; but in the infrared the results pointed to a total 
amplitude of slightly more than 0.01 mag., exactly opposite in phase to the variation in 
the other wave lengths. Such a complicating circumstance for the pulsation theory of 
stellar variation would need to be thoroughly established; and a hundredth of a magni- 
tude, even with a photocell, is scarcely enough evidence for far-reaching conclusions. As 
I simply did not believe this contradiction in phase, the measures were held over until 
the next year, when the cause of the trouble was found. 

At the outset in 1945 it was found that the measures of 1944 had probably been af- 
fected by stray light leaking past the edge of the Newtonian flat of the 60-inch reflector. 
A 20-inch disk, placed on the Newtonian cage to fill up the central openings of the annu- 
lar wire screens used by Seares for bright stars, had been removed sometime before 1944. 
The leak was found to be not large—less than half of 1 per cent of the light incident upon 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 718. 

1 Research Associate of the Mount Wilson Observatory, Carnegie Institution of Washington. 

2 A.N., 189, 89, 1911. 

3 Kl. Veréff. Berlin-Babelsberg, No. 22, 1940. 

4E. A. Fath, Lick Obs. Bull., 18, 77, 1937. 

5 J. Stebbins, Mt. Wilson Contr., No. 704; Ap. J., 101, 47, 1945 
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the 60-inch mirror—but it amounted to about 0.07 mag. for the light transmitted by the 
3-mag. screen used on Polaris; and, in addition, the leak may have changed by 0.01 mag., 
or more, in the shifting of the screen from night to night. In ordinary photometry such a 
circumstance would be fatal, but here with six colors the measures could be salvaged. 
In Table 1 the observations of Polaris are referred to one comparison star, NPS 4 = 
HD 166926, visual magnitude 5.86, spectrum A3p. In 1944 each observation comprised a 
single setting on one star and then a setting on the other, without a check back on the first; 
but in 1945 the measures on the two stars were repeated immediately in the reverse order. 
The first column of the table gives the Julian date; the second, the phase from the ele- 
ments in equation (1). For each color A mag. is used in the sense: Polaris through the 
3-mag. screen minus NPS 4 in the clear. Polaris is always the brighter; hence all the tab- 
ular quantities are negative. 
TABLE 1 


OBSERVATIONS OF a URSAE MINORIS 








ae ee oo eb ae I 

















| 
li | asia | 3530A | 4220A | 4880A | S700A | 7190A | 10,300A | Ye 
1293.698.........| OP040 | —0™268 | —0"428 —0™645 | —OM840 | —1™108 | —1™330 | 1944 
1294.682.........| 0.288 | ee . 330 .572 .800 | 1.075 1.335 
1295.678..........| GiS3d} .082 | .310 a, .775 | 1.060 | 1.350 
1320.667.........| 0.834 | 192 | 385 .615 .818 | 1.090 1.325 
1321653 .:...2. 2.) GSS | 242 | 418 640 .840 | 1.090 1.325 
1322.675. . .| 0.340 | 158 | 53S | .590 .752 | 1.082 1.345 
1375-676... .. 0.592 | .132 | . 308 0.568 770 | 1.075 | = 1.335 
1324.673... | 0.843 | —0.188 <.  eee oe —0.802 | —1.058 —1.345 | 
1679.792.........| 0.303 | —0.078 | —0.212 | —0.480 | —0.690 | —0.962 | —1.222 1945 
1679. 847. oxo cef) GPSh? | .082 | .275 siz .785 | 1.028 | 1.258 
1680.728......... | 0.539; .020| 225 435; 692} 0.990] 1.210 
1680.737.... ..| 0.541 | .020 | 215 482 .698 | 0.970} 1.225 
1681.703. . 0.784 | 105 | 345 “S221 805 | 1.068 | 1.275 
1681.715.........| 0.787 | .088 | 292 | a .728 | 1.005 | 1.240 | 
MORE MODS 5 eee oe 0.035 | .178 | 345 572 795 1.020 | 1.248 | 
1.272 | 


as | a ree 0.038 | —0.182 | —0.368 | —0.578 | —0.802 | —1.045 | — 


| | 





The current epoch of maximum was determined by combining the normal magnitudes — 


of the two years and solving for the constants of the light-curve represented by the 


equation 
A mag. =a+b)cos@#+csin6, 


where is the angular phase. This solution was made for the first four colors, ultraviolet 
to green; and the resulting average time of maximum, combined with E. J. Meyer’s® 
maximum at JD 2427689.13, gives 


Max. = JD 2431495.988 + 3.96961 EF. (1) 
The lengthening of the period of Polaris is evident from the following determinations: 


3996809 J. H. Moore? Spectroscopic 1899-1923 


3.96894 N. Florja® Predicted 1945 
3.96907 E. J. Meyer® Predicted 1945 
3.96961 J. Stebbins Observed 1936-1945 


Meyer’s elements have a cosine term which leads to a longest possible period of 3.96920 
days; Florja gives a term in E? which has already run off from the observations. The 


°A.N., 256, 425, 1935. 7 Lick Obs. Bull., 11, 166, 1924. 8 A.N., 256, 296, 1935. 














































110 





JOEL STEBBINS 


TABLE 2 
NORMAL MAGNITUDES 


variation of the 3.96-day period of Polaris has not been connected with the light-time 
in the spectroscopic orbit with the period of 29.6 years.® This variable is true to its type 
in showing a secular change which will require many years to evaluate. 

With the period derived from our elements in equation (1), the observations in 
Table 1 were brought together in the normal magnitudes of Table 2, two observations to 
each normal. After approximate solutions the corrections for the light-leak of 1944 were 
made by raising or lowering all magnitudes at a given phase the same amount, to agree, 



















































| 
Phase | U V R | I | Corr | Year 

are | —0¥262 | —0§430 | —0%649 | —0MB47 | —1!106 | —1§335 | —0M007 | 1944 
0.314. . .150 327 576} = .771. | 1.073 | 1.335 | + .005 
0.566. . 009 | 20 | SAA | 754 | 1.050 | 1.324 | + 018 
0.839... —0.209 | —0.409 | —0.634 | —0.829 | —1.093 | —1.354 | —0.019 
0.037 —0.180 | —0.356 | —0.575 | —0.798 | —1.032 | —1.260 |.........] 1945 
0.310... 080} .244| .496| 738] 0.995] 1.240]......... 
0.540....... 020} .220| 458} 695] 0.980) 1.218 ]......... 
0.785... —0.096 | —0.318 | -0.522 | —0.766 | —1.036 | —1.258 |......... | 

| | 



















TABLE 3 


CONSTANTS OF LIGHT-CURVES 




















































































G R I 

PS Pee - a —0“798 — 1079 — 14334 

oy Sy ane. | es Seen —0.097 —0.287 —0.515 —0.751 —1.012 —1.245 
Difference. ....... | —0.077 | —0.074 —0.084 —0.047 —0.067 | —0.089 
ES Lx thn 9 tial vig | 0.088 | 0.078 0.059 0.052 0.029 0.010 
EE ere | 0.078 | 0.075 0.059 0.052 0.030 0.022 
| Ary 0.083 | 0.076 0.059 0.052 0.030 0.018 
Oe | 0.082 0.078 0.060 0.048 0.034 0.024 
Difference........ +0.001 | —0.002 | —0.001 +0.004 | —0.004 | —0.006 
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| 















on the average, with the magnitudes of 1945. 


A mag. = a+ )cos@6, 


is omitted in the table. 


9J. H. Moore, Pub. A.S.P., 41, 254, 1929. 


The procedure is similar to the correction 
for “night error” of a short-period variable. These corrections are in the next to last 
column of Table 2 and have already been applied to the normals of 1944. 

Solutions for the light-curves in each of the six colors were next made from the nor- 
mals of the two years separately, assuming the simple relation 


where a and 6 were determined from four equations for each color. The results are in 
Table 3. With our convention on signs both a and b come out negative, but the sign of } 
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Fic. 1.—Light-curves of Polaris: open circles, 1944; solid circles, 1945 
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112 JOEL STEBBINS 


The effect of the light-leak of 1944 is shown in the systematic difference in a between 
the two years. The values of the semiamplitude 5 agree well enough, except perhaps in 
the infrared. The anomalous result for this color in 1944 was probably caused partly by 
the light-leak and partly by the small deflections of the comparison star, which were 
16 or 17 mm, compared with about 50 mm for Polaris. In 1945 extra measures were 
made in the infrared: and the result was given double weight over that of 1944, shifting 
the mean of 6 for the two years by 0.002 mag. By a coincidence the variation of Polaris 
in each color turns out to be very nearly one-ninth of the corresponding variation of 
6 Cephei. The last three lines of the table give a comparison between the two stars, by } 
also denoting the semiamplitude of 6 Cephei. The values from 6 Cephei, with their 
smoother run and with the errors divided by 9, are probably better measures of the 
variation of Polaris than are the direct observations. 

If we do not like the doctoring of the measures of 1944, we can reject them all and use 
only those of 1945, but the average difference in the last line of Table 3 would still re- 
main +0.003 mag. However, in 1945 the sky was changing on two of the four nights, as 
shown by the progressive increase of the galvanometer deflections for an hour or more 
after dark. The photocell always gives a check on the sky. On the first and third nights 


TABLE 4 
AMPLITUDES OF THE VARIATION OF POLARIS 














Observer ar Amplitude Reference 





E. Hertzsprung, photographic......... | ¢ oMt71 F A.N., 189, 95, 1911 
J. Stebbins, mean of 3530 A and 4220A.| 0.159 This paper 
| 
| 
| 
| 
| 





K. F. Bottlinger, photoelectric.........| 0.146 B.A.N., 4, 287, 1928 

E. J. Meyer, photoelectric............ .136 A.N., 256, 424, 1935 

Stebbins and Whitford, photoelectric. . . | .150 Mt. W. Contr., No. 586, p. 11, 1938 
J. Stebbins, interpolated for 4500 A....; 0.138 This paper 





the over-all atmospheric transmission varied at the rate of 0.05 mag. per hour, while 
on the other two the measured variation was 0.00 and 0.02 mag. per hour. Despite these 
difficulties it would require more effort than seems worth while to improve upon the 
present results, which, after all, are not so bad, considering that we had a variable light- 
leak the first year and a variable sky the second. 

The curves for the data in Table 3 are in Figure 1. Each observed point on the graph is 
referred to the mean A mag. a for the corresponding color and year. For example, in the 
first normal of Table 2 at phase 0?061, the A mag. for U is —0.262, from which we 
subtract a = —0.174, the first quantity in Table 3, and get —0.088 for the first point 
to be plotted for 1944. The curves are averaged for the two years; and the probable errors 
of a normal magnitude, computed from the residuals from the mean curves, range from 
+0.004 for the blue and green to +0.008 for the ultraviolet and infrared, with an aver- 
age of +0.006 mag. 

The total amplitudes 2) of the curves in Figure 1 are the best to be derived from the 
present observations, although we probably would do still better to take the values from 
6 Cephei in Table 3. Comparisons with some other amplitudes are in Table 4. The photo- 
electric measures were all made with cells with maximum sensitivity presumably near 
4500 A. The agreement is as good as can be expected without a more exact knowledge of 
the effective wave length for each observer. The amplitude of 0.078 mag. which I deter- 
mined in 1912 with the selenium cell!” is about 0.02 mag. smaller than would follow from 


10 J. Stebbins, A.V., 192, 192,1912. 
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the known sensitivity of that cell, whose effective wave length was about 6000 A. There 
is little point in a further discussion of the photographic and visual results on Polaris, 
some of which are obviously of inferior precision. The most recent summary seems to be 
that by Florja.® 

The change of amplitude with wave length means, of course, that the over-all color 
of Polaris is variable, as shown in Table 5. As in our other work in six colors, the in- 
tensities are referred in magnitude to the mean of the blue, green, and red. Combining 
the data in Table 3 for the two years, we get the first two lines of Table 5, the colors of 
Polaris at maximum and minimum referred to the comparison star. When these A mag- 
nitudes are added to the respective values for NPS 4, the results in the fourth and fifth 
lines are the colors of Polaris on our standard system, referred to the mean of ten stars 





















































TABLE 5 

VARIATION IN COLOR: a URSAE MINORIS AND 6 CEPHEI 
Phase Spec. U Vv | B G R I V-I 
al [Maximum |... +0™62| +0§44) +0¢22| +001! —0¥24) —0™47| +0éO1 
as hore + .69 + .50) + .25| + .02} — .27) — .53| +1.03 
WES... Ale oe A3p | —0.49| —0.60| —0.29| —0.04) +0.33| +0.68} —1.28 
UM: {Maximum (cF6) | +0.13} —0.16| —0.07; —0.03| +0.09} +0.21) —0.37 
a \Minimum (cF7) | +0.20| —0.10) —0.04) —0.02| +0.06 +0. 15} —0.25 
‘im {Maximum cF4 | +0.02| —0.33| —0.14) —0.02| +0.15] +0.24] —0.57 
Ps +--+) | Minimum | cG2 | +0.67 +0.25 +0.11) —0.01} —0.09} —0.18| +0.43 
a UMi....... Max.—Min. __|....... —0.07} —0.06| —0.03} —0.01| +0.03| +0.06| —0.12 
5Cep........| (Max.—Min.)/9 |....... —0.07 — 0.06) —0.03| 0.00! +0.03) +0.05) —0.11 





of average spectrum dG6. The variation in color of Polaris and of 6 Cephei are compared 
in the last two lines; it would require another decimal place to show the discordances. 

The inferred variation of the spectral type of Polaris, from cF6 to cF7, is found from 
the spectrum of 6 Cephei by interpolation between the values of V — I in the last col- 
umn of Table 5. The Mount Wilson classification of Polaris is cF7, but we have seen no 
reference to an observed small change of type in the period of 3.96 days. 


The present study was undertaken not to determine complete light-curves of Polaris 


in different colors but simply to find the approximate amplitudes. The star turns out to 
be a reduced copy of 6 Cephei, except that the latter has a nonsymmetrical curye while 
Polaris is more like ¢ Geminorum, with its equal times of rise and fall. The data for tests 
of the pulsation theory are best obtained from stars of large variation, but it is of some 
interest to know that the stars of small variation like Polaris will not introduce complica- 
tions into the theory. 


This investigation was supported in part by grants from the Alumni Research Fund 
of the University of Wisconsin and the Observatory Council of the California Institute 
of Technology. 










































































ORBITAL ELEMENTS OF THE ALGOL VARIABLE SS BOOTIS* 





RoscoE F. SANFORD 
Mount Wilson Observatory 
Received February 1, 1946 





ABSTRACT 


Orbital elements of the Algol variable SS Boétis derived from 25 spectrograms obtained at Mount 
Wilson from 1934 to 1945, inclusive, are compared with the elements obtained by Struve from 25 spectro- 
grams obtained at the McDonald Observatory in a 3}-week interval in January and February, 1945. The 
only significant differences are in the systemic velocity, —48 km/sec (Mount Wilson) as compared to 
—43 km/sec (McDonald), and in the semiamplitude of velocity variation for the primary star, 69 km/sec 
- compared to 47 km/sec. The values.of a; sin 7, m, sin* 7, and m, sin* i here found are considerably larger 
than Struve’s. 


Twenty-five spectrograms of the Algol variable SS Boétis were obtained at the 
McDonald Observatory by O. Struve in the interval from January 27 to February 20, 
1945. A velocity-curve and orbital elements have been published. Although absorption 
lines in both primary and secondary were measured, the published velocity-curve de- 
pends upon radial velocities from emission lines of H and K of Ca 1 belonging to the 
secondary star. 

The results from another series of 25 spectrograms of SS Boétis accumulated at the 
Mount Wilson Observatory since 1934 are reported briefly in the present Contribution, 
The emission lines of H and K of Cat in the secondary’s spectrum were found inde- 
pendently by the writer? in May, 1944. 

The journal of my observations is in Table 1. The velocities in the fifth column are 
from absorption lines of the primary or from blends of absorption lines of primary and 
secondary. The absorption-line velocities for the secondary are in the sixth column. 
Radial velocities for the secondary obtained from the two emission lines H and K are in 
the seventh column. 

The phases in the fourth column are reckoned from primary minimum= 1915 July 
28.920 + 7460605 E, U.T.,* as in Struve’s paper. 

Elements have been derived from my velocities by means of standard velocity-curves. 
The secondary’s elements depend upon the velocities from both absorption and emission 
lines. 

Table 2 contains these elements together with Struve’s for comparison. The Mount 
Wilson curves are shown with full lines in Figure 1. 

The Mount Wilson systemic velocity is 5 km/sec less, algebraically, than Struve’s. 
The semiamplitude for the secondary’s velocity variation lies between the two values 
given by Struve, viz., 73 km/sec for absorption lines and 77 km/sec for the emission 
lines. The Mount Wilson semiamplitude of velocity variation for the primary is, however, 
22 km/sec larger than Struve’s, and hence the values for a; sin 7, m; sin? 7, and mz sin’ i 
are markedly higher than his. 

There is probably no significance to the difference between the Mount Wilson ec- 
centricity of 0.05 and Struve’s 0.00 (circular elements), since the probable error of this 
element is no doubt fully as large as the difference. 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 719. 
1 Contr. McDonald Obs., U. Texas, No. 110; Ap. J., 102, 118, 1945. 
2 Pub. A.S.P., 57, 217, 1945. 


3 “Katalog und Ephemeriden Verinderlicher Sterne fiir 1940,” Kleinere Veroff., U.-Sternwarte Berlin- 
Babelsberg, No. 21, p. 191, 1939. 
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TABLE 1 


BOOTIS 


RADIAL VELOCITIES FOR SS BooéTIS 















































| 
Vetocities (Ku/SEc) 
Disp. — 
PLATE (A/Mu Date U.T. PHase | eae 
at Hy) | Primary Beet: 
Abs. 
Abs. | Em. 

C 6456. 73 1934 June 29.201 341988 ein RR A atest ee Gane d | — §2 
G643...:...... 73 1935 Apr. 11.368 1,125 ae MM Pe ak easake Perec 
6650...... 73 12.388 2.145 —115 ana POR os Pies: 
6669...... 82 May 18.368 0.094 mae OE OR carta e ees Beco ete 
9 82 June 19.204 1.506 —127 + 27 As ora degrees 
iS, Se 82 21.192 3.494 seat. SM CLT ER Ce es et one ee 
.—— 73 July 13.255 2.739 mele” -Feouk ca clay cee tee 

V1018...... 39 Aug. 11.219 1.279 —105 ae Peles eee 

C 6906...... 73 1936 May 1.387 6.841 aoe | We a a See a ame 
6908...... 73 2.201 0.049 cat, an Cree pe Ree ce 

723473...... 78 June 13.326 4.692 ae EP es By — 96 
17 78 1942 May 30.223 5.711 + 26 —134 | —125 
24510; 78 July 29.199 4.838 a TEED: ba, re er | — 98 

25922. 36 1944 May 5.405 4.530 — 11 — 92 — 88 

25024... ... 36 6.281 5.406 + 18 —115 | —112 

ye 78 7.259 6.384 + 22 —111 — 109 

25033... ... 78 8.326 7.451 wr Me Venus eee | — 64 

Ce 3426. . | = 19.302 3.215 ae. ae ee ee | — 14 
3445... | 37 June 6.294 5.995 + 16 —113 | —118 
3490. ... 37 July 7.284 6.561 ay COM «cae  teratmasers —107 

726028...... 36 9.263 0.934 — 91 0 — 10 

Ce sitt.. ois. 37 1945 Jan. 29.542 7.456 min ID NA bk oe Re — 65 

726670...... 78 June 1.383 0.994 or GS? bexwoxdowses ag 

Ceaher....... 33 17.197 1.596 — 106 + 15 0 
| 33 18.288 2.687 —112 | + 7 — 12 

| . | 
TABLE 2 
ORBITAL ELEMENTS OF SS BOOTIS 
PRIMARY SECONDARY 
ELEMENTS 
Sanford Struve Sanford Struve 
(Mt. Wilson) (McDonald) (Mt. Wilson) (McDonald) 

BE farins5 ieee ean ors 7.60605 FOG => — Nee wae wativncee paabelie mae cece 
In? a Ogee St a ee ee es Po re eer tae -\. Rade adacoiaeeeteus 
OR ein Gee 8 tei ans er OGn  ° wha eee eases 

- / , {73 km/sec abs. 
| Pe crane Beats 69 km/sec 47 km/sec 74 km/sec {77 km/sec em. 
Re ant ara — 48 km/sec —43 km/sec —48 km/sec —43 km/sec 
ME con. ck ta anamenttes eis 2965 Aste, SATO ULE. Wid. osnces sccawunbes.ocsde easels «aldbeamenemmene as tates 
A 7.2X10® km 4.9 10° km 7.7X10® km 7.6X10%°km 

A eee re 1.19© 0.830 1.110 0.550 
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116 ROSCOE F. SANFORD 


Struve found difficulty in obtaining satisfactory velocity measurements from the ab- 
sorption lines of the two components. The writer also found difficulty, especially with 
low dispersion. Most of the spectrograms on which absorption lines from both compo- 
nents have been measured are those with the highest dispersion (col. 2 of Table 1), 
Struve’s results and mine agree perhaps as well as could be expected, in view of the 
difficulties involved. 

The period, 7.6060 days, represents satisfactorily all the spectroscopic observations 
from 1934 to 1945. 





-120 











-14 
Oo PHASE 7 DAYS 


Fic. 1.—Circles with vertical lines represent the absorption-line velocities of the primary; circles with 
horizontal lines, the absorption-line velocities of the secondary; circles with both vertical and horizontal 
lines, velocities derived from blends of the absorption line of primary and secondary; and open circles, 
the velocities of the secondary from the emission lines H and K. The smallest circles represent the best- 
determined absorption-line velocities, and the largest the poorest. Velocity-curves from Struve’s ele- 
ments are shown with broken lines; the curves from the Mount Wilson elements with solid lines. 
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SPECTRA OF BD STARS WITHIN FIVE DEGREES 
OF THE NORTH POLE 


J. J. NASSAU AND CARL K. SEYFERT 
Warner and Swasey Observatory of the Case School of Applied Science 
Received December 1, 1945 * 


ABSTRACT 


The spectral and luminosity classifications of nearly all the BD stars within 5° of the north pole have 
been determined with the 4°-objective prism of the Burrell telescope. Spectral classification criteria are 
established, as well as criteria for giant and dwarf stars of spectral class G2 and later. A general agreement 
exists between our classification and the HD system. 

Our results show that the percentages of dwarfs for magnitude groups from 6 to 11 are in general 
agreement with the results obtained by other investigators. The selective absorption in the region is found 
to increase linearly to 0.30 mag. at 450 parsecs and to remain constant thereafter. The average intrinsic 
color is determined for each spectral class and for giant and dwarf stars later than GO. 


The present investigation deals primarily with the spectral luminosity classifications 
of all the BD stars within 5° of the north celestial pole. Since stellar spectra! in this gen- 
eral region of the sky have been observed extensively, ample comparisons can be made 
with other classifications. 


OBSERVATIONAL PROCEDURE 


The spectra were secured with the 4° prism? mounted on the 24-inch Burrell telescope 
which has a field 5° in diameter. To widen the spectra of stars within 2°5 of the pole, 
the polar axis of the instrument was set out of adjustment in altitude and the prism was 
adjusted so that the trailing due to the axis maladjustment produced spectra 0.25 mm 
wide in an exposure of 1 hour. To obtain spectra of the bright stars near the pole, a dia- 
phragm was used in front of the prism and the exposure was kept the same. For other 
parts of the region the widening was produced by moving the telescope in declination, 
and for the bright stars short exposures were made and the telescope was moved accord- 
ingly. No guiding was found necessary. 

For nearly all of the observations we have used Eastman 33 or IIa-O plates, the latter 
yielding somewhat more satisfactory results. Each part of the area under investigation 
was covered by at least two plates, and the spectrum of each star on each plate was esti- 
mated independently by both observers. 


CRITERIA FOR SPECTRAL CLASSIFICATION 


Our criteria for classification were derived primarily by comparison with the known 
HD spectra of the stars at the pole as well as with bright stars in other regions. The 
adopted criteria are as follows: 


BO H lines weak. He lines \ 4026 and A 4471 nearly as strong as the H lines. 

B2 Hi lines well visible. He lines present. 

B5 H lines prominent; He lines \ 4026 and X 4471 just visible. 

B8 3H lines strong; He lines and K line invisible. 

B9 #1 lines strong; K line just visible. 

AO #1 lines strong and broad; K line weak. 

A2 H lines nearly as strong and broad as in AO; K line well visible, approximately one-third 
(H + He). 


1 Seares and Joyner, Ap. J., 98, 244, 1943. 
2 J. J. Nassau, 4p. J., 101, 275, 1945. 
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A3__H lines only slightly weaker than in AO; K line strong, about one-half of (H + He). 

AS Hi lines weaker than A3. K approximately three-fourths of (H + He). 

FO H lines weaker than in AS but still strong; K slightly weaker than (H + He). G band gen- 
erally invisible. 

F2 = mg ~ aoa to (H + He); G band sometimes visible; H lines pronounced but weaker 
than in FO. 

F5 K = (H+ He); G band about one-half of Hy. 

F8  G band equal to or slightly weaker than Hy. H lines well visible. 

GO _ G band stronger than Hy, H lines weak but visible. 

G2. G band prominent, at least twice as strong as Hy, H6é still a well-formed line. 

GS _ G band very strong; perceptible break in continuum at the G band; Hé generally absent 
or very weak, \ 4227 of Ca1 absent. 

G8 Break at G band visible; \ 4227 sometimes visible; H lines absent. 

KO Break at G band well developed; G band very much stronger than \ 4227. 

K2_ G band slightly stronger than A 4227. 

K3_ G band = A 4227. 

K5_ Line \ 4227 >G band; 770 bands invisible. 

MO Band head at A 4950 visible. 

M2 Band head at A 4950 strong; band at A 4760 present. 

MS Band heads at d 4950 and \ 4760 and double band at \ 4585 all present. 

M8 All 7710 bands very prominent. 


The foregoing criteria represent only the prominent features which are visible on 
weak, as well as strong spectra and on plates taken under average conditions of seeing 
and sky fog. Plates taken under ideal conditions of exposure and sky show lines which, 
when used, are bound to increase the accuracy of the classifications. At this time we feel 
that it is best to describe the criteria used with average plates. 

In order to establish criteria for giants and dwarfs, multiple-exposure plates have been 
taken of stars with known trigonometric parallax and of stars listed in the Mt. Wilson 
catalog of spectroscopic parallaxes.* The spectra measured by P. C. Keenan‘ at the 
north celestial pole and the north galactic pole have also been used. The Alas of Stellar 
Spectra by Morgan, Keenan, and Kellman® has been used extensively, as well as some 
unpublished classifications kindly furnished by Dr. Morgan. 

Giant and dwarf characteristics begin to show in our spectra at G2, although super- 
giants may sometimes be detected in earlier spectral types. From G2 to K3, inclusive, 
the CN bands at \ 3883 and \ 4215 are used as luminosity criteria. If these absorption 
bands are strong for a given spectral type, the star is a giant; if weak, it is a dwarf. 
The A 3883 band is most useful for stars at G2, whereas from G8 to K3 the CN band at 
d 4215 is more sensitive as a luminosity criterion. It is important to classify each star 
first, before assigning giant or dwarf characteristics. 

For stars of class K5 and later the intensity of the continuum between \ 4227 and the 
G band is the best indicator of luminosity on our plates. If the continuum on the red side 
of \ 4227 is as strong or stronger than the continuum to the violet of \ 4227, the star is 
a giant. If the continuum on the red side of \ 4227 is weaker than on the violet side, the 
star is a dwarf. 

DATA 


Table 1 lists all the BD stars within 5° of the north pole. The photovisual magnitudes 
(second column) and the color index (third column) are taken from the paper by Seares, 
Ross, and Joyner.’ The fourth column gives the spectral types as obtained from our 


3 4p. J., 81, 187, 1935. 

4Ap. J., 91, 113, 1940; 91, 506, 1940. 
5 (“Astrophysical Mono.”’), University of Chicago Press, 1943. 
6 Pub. Carnegie Inst. Wash., No. 532, 1941. 
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TABLE 1 

cI Sp. mMpv Sp. 

0.44 F8 10.31 F8 

ee 0.42 dG2 10.05 F2 
; eee 1.65 g:K5 9.04 FO 
ae 0.93 G5 9.37 F8 
iscks 0.40 GO 10.48 G2 
re 1.81 gK3: 10.09 A2 
eae 1.12 gG8 8.70 GO 
Rua 0.49 GO 10.86 F8 
- ae 0.63 fe © “Wisc GO 
ee 1.65 fee | SGM ees Se ace ees gG5 
| eee —0.02 a ff “6b. gG5 
1 ee 0.89 gG5 9.19 F2 
| aw 0.23 A2 6.53 F8 
i) ee 0.67 dG5 8.81 dG2 
| 1.36 G8 8.40 F5 
oe 0.19 F2 10.01 gG5 
1 ne 0.48 F8 10.24 F2 
1) oer 1.16 See | GRR Bee A3 
ae 1.19 Gee tti‘(‘é a i Lee AO 
7. | are 1.16 gKO 10.58 gG8 
| ae Fb RR etn: (dGS5) 
7 aR me ae SG8 th § Pecscdleletesces, dG5 
ae 46 G2 10.25 0.54 dG5 
ae 33 FS 6.50 0.24 A3 
7 | 15 gG8 8.06 0.80 dG8 
: ere ; 1.10 gG8 10.64 0.32 F5 
(1 eee 0.70 dG5 9.35 0.02 AO 
; re 0.69 G2 6.71 —0.10 AO 
je 9.90 1.80 K3 9.73 1.06 gGS5 
| ee 9.99 0.43 GO 6.17 1.52 gK3 
< eee 10.67 0.54 (F5) 7.47 0.96 gG5 
Xe 9.14 0.19 F2 9.01 1.00 d:K5 
x ae 9.71 1.37 gK2 9.73 0.26 AS 
...5. 10.11 0.94 G5 9.52 0.92 g:GS5: 
\ eee 9.48 1.01 gG8 9.53 0.42 GO 
eee 9.25 0.38 GO 10.09 1.09 d:G8 
| we 10.56 0.39 GO 8.99 0.84 gG5 
0.27 A2 10.85 0.50 GO 
. oe Ca eee See 10.05 0.50 GO 
40..... 1 ee ae 10.77 0.69 g:G5 
vans 0.84 g:G8 9.70 0.37 F5 
ee 1.37 g:K2 9.57 1.13 g:G8 
ee We Bien dadu es’ 10.08 —0.04 AO 
ee 1 OD ee eee 8.75 1.03 gG8 
eee —0.05 B9 9.87 1.35 gK0 
46..... 0.71 F8 10.22 0.91 dG8 
ee 0.37 FS 10.60 0.70 dGS5 
48..... 0.15 F2 8.13 1.62 gM?: 
ee 0.45 dG2 8.79 0.96 g:G8 
a0... —0.21 B9 8.76 2.05 g:K2 
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Mpv Cl Sp. 
10.31 0.64 d:KO 
9.42 0.73 dG5 
9.53 4,73 gK5 
10.89 1.12 GS: 
9.79 1.79 | gK3 
10.40 1.21 | gG8 
10.05 1.56 | gG5 
9.70 1.89 KS: 
9.09 0.63 dG2 
9.96 0.47 GO 
9.55 0.48 GO 
10.81 0.64 dG2 
9.41 0.32 F5 
9.24 0.56 dG8 
10.95 —0.14 B8 
10.78 0.92 | gGs 
9.77 0.55 dG2 
10.93 0.89 (dGO) ° 
10.34 0.28 F8 
10.03 0.44 FS 
Ao sc'cTo PAL Mianletoa ones shes freeuel eeceraearets dG2: 
7.27 0.39 GO 
9.70 0.87 dK2 
9.08 1.05 dG8 
9.23 1.52 | gK2 
10.94 0.28 F2p 
10.67 0.37 F8 
10.48 0.25 AS 
10.87 0.98 GS: 
10.56 0.78 d:KO 
10.07 1.21 | gG8 
10.18 0.72 dG2 
8.86 0.39 GO 
7.74 1.15 | G8 
8.45 1.57 | gK2 
10.50 0.92 | Gs 
10.39 1.25 | gG8 
10.62 0.30 F5 
9.14 0.19 AS 
9.84 0.35 F5 
9.98 1.34 | G8 
8.61 1.28 | gKO 
10.67 1.04 GS: 
10.72 0.40 F8 
9.88 1.75 K2: 
10.63 0.57 
9.18 0.37 
8.86 0.28 
7.50 0.87 


TABLE 1—Continued 


SPECTRA OF BD STARS 



































BD 


4+85°251 
252 




















Mpv cI Sp. 
Pr eee ree ice g:G8 
10.25 0.58 dG5 
10.69 0.51 F8 
10.22 0.49 GO 
11.10 0.46 G0: 
9.82 1.69 g:M2 
9.43 0.29 FO 
10.60 0.40 F5 
10.84 0.58 GO 
10.80 0.93 K2: 
9.96 432 bees. 
6.88 0.91 gGS5 
9.04 0.62 dG5 
9.10 0.95 g:G5 
8.71 0.38 GO 
10.50 Orato ec Rikeeens 
10.45 0.55 GO 
6.91 0.09 AS 
10.22 1.37 (gK2 
10.65 0.70 (dGO) 
10.37 0.46 GO 
10.40 1.13 gG8 
10.14 0.44 (dGO) 
9.83 0.50 GO 
10.59 0.93 dG8 
10.43 0.37 GO 
8.65 0.27 F8 
9.78 1.24 (gG8) 
CERO ARS a Meet G5 
9.95 1.87 K3 
10.23 | 1.31 gG8 
10.09 | 1.16 dG5 
Ms Seiwicehele baba saat g:G8 
10.91 0.51 d:G5 
9.49 0.92 dKO 
10.60 0.47 F2p 
10:25 | 0.53 d:G2 
9.46 1.22 gG8 
10.66 1 G8 
11.19 0.45 GO 
10.58 0.74 d:G8 
10.60 0.82 dG5 
7.64 0.14 FO 
10.90 0.88 gG8 
10.86 0.94 
9.61 2.35 
10.65 | 1.35 
10.84 0.44 
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Mpv cl $7 BD Mpv cl Sp. 
7.23 0.31 F8 ae a 10.38 1.02 gG5 
10.10 0.35 F8 Wiwexs 10.47 0.84 g:G8 
7.16 —0.01 A3 Pa 9.26 0.02 A3 
10.13 0.71 dGS re 7.88 0.13 F2 
10.74 0.45 F8 a 10.74 0.64 GO 
8.90 —0.15 A2 are 9.81 1.09 gG8 
9.93 0.21 FO , 10.32 0.17 A2 
10.57 0.13 AS " 9.33 0.07 A3 
6.82 —0.11 A2 Ye 9.17 0.30 F8 
9.61 0.54 dGS Marte 9.54 0.14 AS 
10.09 0.18 FO ae 10.34 0.31 F8 
8.48 0.32 GO ee 10.52 0.23 F5 
M8... 10.31 0.44 FO 
| , 9.63 0.05 B8: 
Ge Yereaeee R Se) GO 

| 
10.16 0.18 FO || ei...: 5.83 0.28 F5 
9.14 1.67 gK3_ || ee dss 9.66 0.31 AS 
10.24 0.72 G2‘ || i 10.81 0.82 g:G5 
10.56 0.26 F2 || 54.. 8.95 0.06 AS 
10.92 0.44 F8 | | es 9.56 0.36 F8 
9.96 1.35 gko || ec, 10.70 0.50 A2 
9.05 0.22 F5 || a 10.70 0.27 F2 
10.45 0.21 F2. || See 10.68 0.30 F5 
8.78 —0.09 AS || ee 9.80 1.46 gG8 
10.60 1.43 (gK5:) || ince, 10.66 0.39 GO 

1 
9.99 0.39 F8_ || OM, cas 9.87 1.77. | g:M2: 
10.76 0.95 (gG8) || "ae 9.83 0.36 F8 
10.94 0.72 dGS | are 10.21 0.39 GO 
8.86 0.51 dG5S- || 64.. 9.45 0.09 AS 
10.13 0.88 dGs | ee 8.53 0.42 GO 
10.37 0.55 (F8:) || ae 8.05 —0.18 B9 
6.25 1.00 gkO || EE Pee ee or F8 
9.34 1.02 gG8 ae 10.51 0.28 GO 
10.36 0.31 Fs | Oe se 9.97 0.36 GO 
10.34 0.33 GO ee 9.85 1.13 gG8 
8.50 0.40 dG5 1 ee 10.74 0.18 F2 
10.62 0.92 gG5 re 9.32 1.34 gK2 
10.66 0.28 A3 || ae 9.81 0.68 dG2 
10.44 1.45 gG8 || a 10.70 0.51 GO 
8.12 0.14 F5 || 95. 9.61 0.32 F2 
10.09 0.44 GO ape 10.91 0.28 FO 
9.45 1.23 gG8 8.69 1.19 gG8 
10.84 0.39 GO || ae 10.43 0.34 dG2 
9.85 0.23 FO || 79. 6.55 1.15 gKO 
9.01 1.41 gko || 80... 10.47 0.03 B8 
9.95 0.02 B9 | ae 10.06 1.14 gG5 
9.27 0.92 gG8 aes 10.77 0.77 g:GS5: 
9.84 1.16 gG8 || ee 10.11 1.35 gG8 
10.48 0.21 AS || ee 10.49 0.92 gG8 
10.78 0.52 dG2 85.. 10.82 0.40 GO 
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p. BD Mpy cI Sp. BD Mpy cI Sp. 
35 +86°186..... 10.74 0.59 dG2 +86°236..... 10.72 0.32 FO 
PS 7.81 0.24 F8 ; ee 10.32 1.16 gG5 
35 OE cig 10.18 0.14 AS , | oe 10.58 1.35 (gM) 
32 11.02 0.63 d:G2 | oe 10.84 0.47 F8 
eA RE Pa: A etait oP FO a 9.97 1.34 gG8 
5 ae 9.34 0.27 F2 || ee 10.73 0.59 d:G5 
ae SS 10.06 0.62 G2 ME. iss. 8.46 0.97 gG8 
2 | Sepa 7.95 0.19 F5 : | ee 10.95 0.61 GO 
0 ae 10.64 0.75 dGs SR Spee eer ey - Mend: AO 
8 eS 9.70 1.30 gKO: ; ae 10.96 0.46 F8: 
0 Pe 5.3 10.43 1.21 gKO 246..... 9.76 0.54 GO 
5: ee 10.86 0.86 G8: oe 10.36 0.52 GO 
2 We. s2 10.71 0.58 d:G5:p ; ie 11.05 0.57 dG2 
8 199..... 9.22 0.20 FO ae... 10.29 1.12 g:G5 
2 ee 10.55 0.55 dG2 , 10.41 0.81 dKO 
5 PCE 7.30 0.29 F5 7 10.43 1.18 G5 
F2 RE CRO, See F5 , rap 9.93 1.16 gG8: 
g 203.. 10.40 1.59 K3: ° AS 10.68 0.97 gG8 
0 204..... 10.53 1.04 d:G5 | 9.54 0.60 dG5 
5: SRE eeteee ener ce GO: ee 10.78 0.61 F8 
| 

B: , es Creare ee MREIr es et Nee a 8.23 1.01 gG8 
5 ee 10.85 0.42 FS || : 10.02 0.61 dG5 
3) - ee 10.92 0.58 d:G2_ || DO. 2 Bivineg ee eee G8 
3 ae 10.86 1.07 g:G5 ; ae 10.75 0.46 dG5 
; 7... 10.58 0.25 A3 260..... 9.90 0.48 GO 
oe 8.82 0.51 dG2 ewe 10.70 1.01 g:G8 
a 9.78 0.39 F8 : ae 9.96 1.35 g:KO 
ye 10.65 0.18 FO | DOR «det chante besnee GO 
a 10.39 0.27 FS | RR IOI Eee F5 
; 215. 9.60 0.30 F8 | ie 10.63 1.15 dG5 
ae 10.60 1.29 KO: || ; 9.75 0.86 dGs 
A or iret gG8 || ae 10.18 0.39 F2 
ss 10.63 1.16 gKO: | ae... : 10.39 0.49 dG2 
| Bea 10.41 0.86 dGS_ || . 4.41 —0.02 (AO) 
220. 10.94 0.72 GO | Ce 10.74 0.93 d:G8 
er 7.80 0.31 Go | | 10.04 0.50 dG8 
9.11 0.46 GO ; 5.83 0.13 A2: 
EE Ce. FN ale dGs , 10.90 0.44 F8 
. 10.50 0.53 dG2 274..... 10.96 0.46 GO 
) or 10.09 0.54 dG5p ; ne 7.66 1.06 gK0O 
oe 10.86 1.05 G8: ; eee 10.91 0.49 GO 
10.08 1.31 g:G8 re 9.15 0.22 AO 
a Ce Oo ei (d:K2:) 278. 10.99 0.86 dG5 
ae 9.48 0.64 dG5 29... 10. 16 0.67 dG8 
Bae, 3 = 9.67 0.63 dG5:p TR... cfiea Pose oe eee K3 

ae 15 ree 

. ta oes )3|6(e 

Veer 42 
Bed 35 Rolo 
79 | dGS || — 285..... 
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1.06 
10.68 0.43 
10.51 1.15 
10.72 0.24 
10.40 0.17 
10.48 0.41 
10.63 0.32 
10.21 1.34 
5.60 0.14 
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7.87 0.09 
9.17 0.03 
9.92 0.89 
10.75 0.61 
10.38 1.64 
9.45 0.30 
Pee os L 2 Se eee 
9.10 | 1.06 
8.92 0.09 
10.86 0.61 
10.22 0.21 
7.89 1.10 
9.72 0.40 
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8.18 0.03 
8.88 0.34 
10.64 1.22 
1.02 
1.35 
0.23 
0.68 
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0.26 
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mpy cI Sp. 
10.46 0.44 GO 
10.20 0.46 dG2 
10.07 0.32 F2 
10.50 0.44 GO 
10.75 0.38 F8 
8.11 1.94 gK5 
11.11 0.40 GO 
10.12 1.37 gG5 
10.60 0.42 AS 
9.25 0.14 A3 
8.31 0.88 gG8 
9.42 1.69 gKO 
9.45 1.99 K3:p 
10.88 0.47 F5 
10.36 1.16 gG5 
5.06 1.61 g:MO 
PS fot hee d:K2: , 
9.56 1.04 gG8 
10.17 0.43 GO 
10.56 0.63 GO 
baa R ade kn alae Ooi F8 
10.77 0.86 dGS5 
10.35 0.97 gG8p 
11.07 0.33 A3 
10.18 1.31 G8 
10.86 0.50 d:G2 
11.07 0.56 GO 
9.90 0.48 GO 
10.82 0.72 d:G5 
Avdic Gl Sia Se barctaters aise gG5 
Pa ere ea ores g:G5 
9.57 0.35 FO 
8.74 0.26 F8 
9.06 0.83 gK0 
10.67 0.94 d:G5 
9.28 0.32 F8 
9.81 0.41 F8 
9.86 1.11 gG8 
10.40 0.30 F8 
10.03 0.54 dG8 
10.61 1.13 G5 
10.65 0.43 GO 
8.31 0.12 F2 
8.32 0.99 gK0 
8.66 1.09 gKO 
9.49 0.47 GO 
9.28 0.29 F2 
7.76 0.94 gG8 
10.90 0.49 GO 
8.27 0.84 gG8 
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Mpv CI Sp. 
9.53 1.01 gG8 
10.59 0.86 d:G2 
10.73 1.32 (gK5) 
9.79 0.32 F5 
10.40 0.26 F2 
10.33 1.22 d:K5: 
10.60 0.38 GO 
10.61 1.30 K2 
10.15 0.43 GO 
10.57 1.32 g:G5 
10.96 0.44 GO 
 ocWan te he MERE S Oeeauee dG5 
8.28 0.59 dG8 
 teichaxd apa eedea (F2) 
ivccpeaeskted eeees AO 
9.59 0.33 F8 
9.95 0.95 G5 
8.05 1.03 gKO 
9.97 1.26 GS 
10.79 0.58 dG5 
6.31 0.33 F5 
9.70 0.40 GO 
10.07 0.29 FO 
9.96 0.91 gG8 
10.78 0.40 GO 
9.63 0.52 F2 
9.52 0.37 F8 
10.92 0.49 FO 
8.64 0.34 GO 
10.38 0.74 G5 
9.40 0.34 FS 
8.84 1.02 dK3 
Pe et re (F8) 
a EST ee ae G5 
8.71 0.97 gG8 
8.53 0.10 F2 
10.76 0.39 F8 
9.57 0.15 AS 
9.61 0.54 dG5 
10.75 0.54 dG2 
10.08 0.14 A2 
10.38 0.50 GO 
8.78 1.44 gKO 
9.14 1.14 gG8 
9.72 0.93 GS 
10.41 1.51 gK2: 
9.30 0.86 g:G8 
10.47 0.47 GO 
10.29 1.57 KO: 











J. J. NASSAU AND CARL K. SEYFERT 


TABLE 1—Continued 








BD : | Sp. || BD 








+87°136.....| 10.86 | | AO =| - +87°186 
cult ee | ; | gG8 | 
10.21 | ! GO | 
10.45 | ; d:G8_ || 
10.72 | ; | oO Ff 


9.97 | 41 | GO 
10.41 | ‘52 | dG 
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Mpv CI Sp. 
9.67 45 GO 
9.72 1.85 K3 
10.50 0.85 dG5 
9.62 1.64 gK0 
9.39 1.18 gG8 
10.74 0.28 A2 
10.48 0.40 GO 
10.86 0.26 F8 
10.58 0.32 GO 
10.61 0.66 dG2 
10.48 0.56 GO 
10.41 0.30 F8 
10.63 0.69 dG5 
9.23 0.83 gG8 
10.52 0.34 GO 
9.49 1.66 gK0 
9.88 1.74 gK2 
10.00 0.39 GO0° 
10.31 0.77 gG5 
9.35 0.33 F8 
10.04 1.30 gG5 
10.41 1.20 gG8 
10.98 0.44 F2 
9.10 0.18 A2 
10.29 1.06 dG5 
9.86 0.41 F8 
pach laa Mea g:G5 
9.61 .32 F2 
9.82 34 gG8 
10.77 .80 dG5 
9.93 1.46 gG8 
10.12 0.45 GO 
10.13 1.05 gG5 
10.60 0.32 GO 
10.88 0.97 G5 
11.05 0.48 dG5 
10.60 0.46 dG2 
10.44 0.43 GO 
10.04 0.42 GO 
9.97 0.32 F5 
10.50 1.14 gG5 
10.47 0.54 GO 
10.43 0.55 
10.62 0.49 
8.82 0.27 
10.36 0.40 
10.70 1.03 
10.38 0.36 
7.58 —0.22 
0.27 
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Sp. CI 
+88°116..... 10.19 0.29 F5 || +89%..... 10.31 0.35 A3 
Se SNe: are eee eee dG2 = 9.99 0.29 F2 
| re 9.56 0.44 GO Biccat 10.67 0.93 dK2p 
| ee 10.64 0.19 m2 oH Ee 9.22 1.31 gG8 
RE) ites” Speen gGS || 10. 10.36 0.39 Go 
DE vaio ie Abt oi Mee Ohl ka eas Cabal eee | ee 10.70 0.41 GO 
a 9.94 Lt? K5 i) ane 9.82 0.50 GO 
) 10.45 0.11 F2 7.09 0.09 A2 
yy Eee 9.55 1.49 gG8 14.. 10.72 0.33 GO 
See 10.62 0.78 dG5 ee 9.63 0.69 gG5 
EEO) cose 10.94 0.51 GO 16.. 10.73 0.98 d:K3 
127. 10.59 0.66 d:G5 9.49 0.41 GO 
i ae 10.37 0.36 F5 1S... 9.61 0.15 F2 
eee 10.64 0.26 F8 19. 10.84 0.60 d:G2 
130. 9.28 0.23 F2 4 ees 10.66 0.96 d:G5 
tS ee 8.98 —0.02 A3 1) AR Ee RO, Te |e Ree Fee F8 
a 10.64 0.58 dG5 8.62 1.58 gK5 
SERBS 9.89 0.05 AS ES FR RR Page g:G5 
aS 9.27 1.01 gG5 ee. ee. See g:G$ 
ERR: ESP ireny BX eee ..| giKS:p :. 9.81 0.26 A3 
136.. 10.44 0.23 FS | : oe 10.71 0.64 dG8 
| —- 9.93 0.39 GO | : 10.53 0.40 GO 
Oe 10.4: 1.4 g:M2. | es 8.68 1.59 gK3 
‘| eee 9.39 0.37 GO ‘| or 10.40 0.15 AS 
| Ae 10.57 1.04 gG5 DOr 05 10.26 0.28 F8 
eee 10.10 0.38 GO ai... 10.45 1.01 gG8 
9.41 1.02 gG5 ae 10.49 0.38 F2 
| ee 10.46 0.98 dG5 | er 10.42 0.18 FO 
| 10.02 0.60 dG5 
+89°1..... 10.52 0.39 F2. || Rey 9.85 1.15 gG8 
ae 9.15 1.70 gK2_ || 
ee 9.07 0.08 A3 ae 10.39 0.34 F8 
Beirne | 10.47 0.43 GO : ree EIS BY ikon at a | G5 
ee | 10.44 1.11 gG8 - | 9.75 | 0.13 | AO 
| | 
NOTES TO TABLE 1 
BD 85° 46 Very red for F8 star BD 86°225 4077 and 2d 4400 blend strong, Hy 
100 Very red for g:K2 star weak 
226 24000 and d 4040 prominent 230 24040, \ 4077, and Hé strong 
246 4227 strong 261 4270 and d 4400 blend strong 
284 24270 strong 291 Strong line at » 4470 
287 Hy weak, Hé strong 313 Very red for F2 star; \ 4383 strong 
363 Strong He \ 4027 87° 47 Very red for gKO 
377 4150 present 48 Many additional strong lines 
387 Very red for AO star 58 Lines at \ 4470 and \ 4550 strong 
397 Very red for AS star 139 Very red for d:G8 
86° 56 Very red for A2 star 208 Two stars 
152 4077 strong; G band present 88° 3 rd 4040, 4077, 4470, and 4550 strong 
179 4550 strong 135 Lines at \ 4470 and A 4620 
198 4227 strong 89° 8 4550 strong 

















SPECTRA OF BD STARS 131 










plates. For the sake of completeness we include in parentheses the spectra of a few stars 
which, for various reasons, we were unable to classify on our plates. These were secured, 







































Sp. when available, from the Upsala spectral classifications as made by Petersson.’ 
Ar COMPARISON WITH OTHER SYSTEMS 
K 2p Table 1 includes 150 stars for which Henry Draper spectral types are available; these 
se are plotted against our spectral classifications in Figure 1. Although the material is 
limited, it appears that a general agreement exists between the two systems. The large 
30 spread at G8 (Case) is due to the absence of that subclass in the Henry Draper Catalogue. 
7 The three stars shown by crosses in Figure 1 are: BD+85°412, 86°96, and 88°39. They 
30 
35 CASE a aes ee es es see" 
3 - 
10) KO 0° co —? 
2 
Pe) Raa ° co = 
8 
5 ° ° 
5 GO & 000 ° —s 
; ° 000 0° 
g — © ogo ° + _ 
) 
3 00 0 
) SS ‘li 
‘ | FO 
! a ° 8 o§o —H 
| 080 ° 
oe Joye © + 
AO}— oe ° a 
oo 
AO FO GO KO HD 
Fic. 1.—Plot of HD spectral type against spectral type determined at the Warner and Swasey Ob- 
servatory of the Case School of Applied Science. 
Hy 


seem to have been wrongly classified in the Henry Draper Catalogue. Investigation 
showed no detectable magnitude error in our spectral classification. | 
The stars common to the Upsala’ and Case lists which are classified as giant and dwarf 
; indicate that there is agreement between the two lists for 231 of the 262 stars, or for 88 j 
per cent of the stars in common. On the other hand, a comparison for the 63 stars com- 
mon to the Bergedorfer Spectral Durchmusterung*® and Table 1 show an agreement as to 
giant and dwarf classifications in only 33 per cent of the cases. 
The percentages of dwarf stars near the pole are given in Table 2 from photovisual 
ng magnitude 6 to 11 and from G2 to MS. Our results agree closely, particularly for the 
K stars, with those obtained by Van Rhijn,® Bok,'® and Van de Kamp and Vyssotsky" 


7 Medd. Astr. Obs. Upsala, 29, 1, 1927. 
’ Schwassmann and Van Rhijn, Bergedorf, 1935. 10 Harvard Circ., No. 400, 1935. 
°Zs.f. Ap., 10, 161, 1935. \! Pub, McCormick Obs., Vol. 7, 1937. 
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from secular parallaxes and from proper motions. For the G2 and G5 stars Table 2 indi- 
cates a somewhat larger percentage of dwarfs than found by the foregoing authors. The 
rapid change in percentage of dwarfs from G2 to G8 is noteworthy and indicates the 
necessity for accurate spectral classifications in this range when attempts are made to 
draw conclusions regarding percentages of dwarfs. 


TABLE 2 


PERCENTAGES OF DWARF STARS WITHIN 5° OF THE NORTH POLE 








| 9 To 10 | 10 To 11 








| | | | 
Percent- | | Percent- f | Percent- : | Percent- | | Percent- 
No. | ad No 


No. pie 
Stars Stars Stars 


age : ; age | ties age | 
| otars 
Dwarfs | Dwarfs Dwarfs | De oii | | Dwarfs 


100 3 | 100 8 95 
62 8 | 59 27 | «65 
10 20 | #9 64 18 
0 17 | 7 eS | 
0 | 10 | BB 
25 | «® : 40 
0 | 40 : 29 

0 





SON NWUR OS 


MO-MS......... 0 | 








ee | | | 

















! ] { | ae 
AO FO GO KO MO 





Fic. 2.—The intrinsic color-spectrum relation for stars near the north pole of rotation. The lower 
curve is for dwarf stars; the upper curve for giant stars. 
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COEFFICIENT OF SELECTIVE ABSORPTION AND THE COLOR-SPECTRUM RELATION 


From a study of the spectra and corresponding color indices of stars near the pole, 
Seares and Joyner’ have obtained the coefficient of selective absorption and established 
the intrinsic color-spectrum relation for stars within a region of 10° of the north celestial 
pole. All spectra used were reduced to the HD system, but the division of stars into giants 
and dwarfs was made primarily on the basis of the color indices. 

In our case we are dealing with a uniform source of 1150 spectra, divided, as far as 
possible, into giants and dwarfs independent of their colors, with the stars confined with- 
in 5° of the north pole. With this material and with the colors obtained from Seares, 


TABLE 3 


INTRINSIC COLOR INDICES OF STARS 












































CI CI 
: cI No. of (Sears , s CI No. of (Seares . 
7 (Case) Stars and Dit. sil (Case) Stars and Dif. 
Joyner) Joyner) 
eee —0.35 3 —0.29 | —0.06 || dKO......| +0.85 6 +0.89 | —0.04 
_ Se — .24 6 — .23|} — .Ol ‘| 0.91 4 +1.01 10 
) re — .15 18 — .15 00 || dS: ..... 0.96 a +1.06 10 
| — .06 25 — .05|; — .Ol 7) Sh 1.03 BB es Seales cen 
| — .04 21 — .02/| — .02 | 
as 00} 35 00 00 || gGS......| 0.73} 53 | +0.78 05 
Se + .11 31 + .12| — .01 gGee; 3 0.87 138 +0.90 .03 
7 ee + .17 57 + .16| + .01 | 0.99 61 +1.06 .07 
i ae + .21 59 + .26; — .05 gK2 1.20 21 +1.25 .05 
i, See + .30 105 + 35) — .05 i ae 1.30 12 +1.37 .07 
re + .35 149 + .42| — .07 ae 1.40 12 +1.45 .05 
QGR. 65 ck + .45 54 + .50} — .05 |} gMO...... 1.42 2 (1.47) .05 
oe + .63 91 + .64|; — .O01 ee 1.44 | 8 (1.49)} —0.05 
GGS... 5... +0.78 20 +0.79 | —0.01 ee | +1.46 Si bocce ines 
| | 





Ross, and Joyner® and with the values of absolute magnitude for the different spectral 
classes referred to in the Seares-Joyner! paper, the selective absorption at the pole was 
obtained. The results indicate that the selective absorption increases linearly to 0.30 mag. 
at 450 parsecs and remains constant thereafter. This result is in substantial agreement 
with the results of Seares and Joyner.! However, Stebbins, Huffer, and Whitford" ob- 
tained, from the photoelectric colors of 75 stars in a region within 10° of the pole, a value 
of the coefficient of selective absorption approximately two-thirds of the one given above. 
Using our derived coefficient of selective absorption, we obtain the average intrinsic color 
for each spectral type. These colors are shown in Figure 2 and Table 3. The fourth column 
of this table lists the corresponding values obtained by Seares and Joyner. The fifth 
column is the difference, Column 2 minus Column 3. A small systematic difference hav- 
ing an average value of —0.04 is present between the two determinations. 


Ap. J., 94, 215, 1941, 
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ABSTRACT 


All available proper-motion and radial-velocity material was used in the study of the space motions of 
the cluster variables. The radial velocities of 67 stars gave a solar motion of 157 km/sec toward the apex 
a = 2050™, 6 = +59°. The tangential motions of 58 stars gave a solar motion of 142 km/sec toward the 
apex a = 21524™, § = +38°. 

Four different solutions were completed for the velocity ellipsoid. These solutions were, however, not 
in agreement. The conclusion was reached that the velocity dispersion along the axis in the direction of 
the galactic center is 170 km/sec; and that along the axis in the direction of the galactic poles is 50 km/sec. 
But the velocity dispersion along the axis in the Cygnus direction is unknown. SW Bootis, RZ Cephei, 
and U Comae are possibly in retrograde motion about the galactic center. 


I. INTRODUCTION 


The problem of the origin of the cluster variables is closely related to the problem of 
their space motions. We would better understand the nature of these variables if we knew 
the place of their origin. It was with this problem in mind that the investigation was un- 
dertaken. 

Baade! points out that there are really two Hertzsprung-Russell diagrams: the first 
is typical of the irregular galaxies and of the outer regions of the late-type spirals; the 
second is typical of globular clusters, elliptical nebulae, and the inner regions of spirals. 
This makes it probable that the galactic-cluster variables originated in the globular clus- 
ters, being thrown therefrom, or from near the galactic center, by perturbations result- 
ing from the close approach of another star. 

The cluster variables have at least one advantage as subjects for the study of space 
motions: the absolute magnitude is uniform and is known with considerable accuracy. 
Therefore, it is a simple matter to find the tangential velocity components of cluster 
variables from their median apparent magnitudes and proper-motion components. There 
is, however, the marked disadvantage that the cluster variables with known proper mo- 
tions and radial velocities are pretty well confined to the second, third, and fourth quad- 
rants of right ascension and to the northern hemisphere of the sky. 

Previous studies of the motions of the cluster variables have been made by Strém- 
berg,? by Bok and Boyd,’ and by Wilson.‘ Of these investigations, that by Wilson was 
most complete. 

It was largely in order to obtain the distribution of the peculiar motions of the cluster 
variables and to find what light, if any, was thereby thrown on the origin of these stars 
that the present investigation was undertaken. 


II. THE MATERIAL 


The 67 radial velocities used in this investigation were all drawn from A. H. Joy’s 
catalogue of 1938.5 This list is identical with that used by Wilson‘ in his investigation. 
The probable error of each determination of radial velocity is about 7 km/sec; this value 
was adopted. 


1 Mt. W. Contr., No. 696; Ap. J., 100, 137, 1944. 
2 Mt. W. Contr., No. 293; Ap. J., 61, 363, 1925. 4 Mt. W. Contr., No. 604; Ap. J., 89, 218, 1939. 
3 Harvard Bull., No. 893, p. 1, 1933. 5 Pub. A.S.P., 50, 302, 1938. 
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CLUSTER VARIABLES 


The proper motions were drawn from several different sources, the most important of 
these being Bok and Boyd’s paper,’ which furnishes about 40 determinations of proper 
motions and to which system all relative proper motions were reduced. Another impor- 
tant source, and one for which the writer wishes to express sincere appreciation, was a 
letter from Dr. A. van Maanen, which provided 25 unpublished determinations of the 
proper motions of cluster variables by Van Maanen and R. E. Wilson. W. J. Luyten’s 
note® furnished 11 determinations of proper motions; J. C. Kapteyn and P. J. van 
Rhijn’s paper’ of 1922 furnished 14, including 5 meridian circle determinations; and 
R. E. Wilson’s paper® of 1922 furnished a few. 

The magnitudes used in the parallax determinations were, as far as possible, photo- 
graphic median magnitudes obtained from Schneller’s catalogue’ for 1940. 

Relative proper motions, mostly those published by Luyten and the unpublished 
proper motions by Van Maanen and Wilson, were corrected for parallactic motion and 
galactic rotation by means of the proper tables in Groningen Publication No. 45.'° The 
adopted value of the proper motion for stars for which there were more than one deter- 
mination was the arithmetic mean of all available determinations. The probable error 
for a single determination of one component of a proper motion was found to be, on the 
average, +0°008; this value was adopted. 

In determining the parallaxes of the cluster variables from their apparent magnitudes, 
the absolute median magnitude of 0.0 + 0.2 was adopted, while a space absorption of 
0.9 mag/kps for photographic light and an absorbing layer 300 parsecs thick on each side 
of the galactic plane were assumed. 


III. THE SOLAR MOTION 


Two solutions for the solar motions of the cluster variables were made; the first from 
the radial velocities and the second from the tangential velocities derived from the 
proper motions. 

The solution from the radial velocities was made by Airy’s method, which leads to the 
well-known equation of condition: 


V =—Xcosacos 6 — Ysinacos 6 —Zsini6+K, 


in which V is the radial velocity, X is the solar-motion component in the direction of the 
vernal equinox, Y is the solar-motion component in the direction of 6 hours’ right ascen- 
sion and 0° declination; Z is the solar-motion component in the direction of the north 
pole, K is the speed of expansion or contraction of the stars as a group relative to the 
sun, a is the right ascension, and 64 is the declination. The equations of condition for the 
tangential motions follow: 


X’sina— Y’cos6=T7.,, 
X’cosasind+Y’sinasin 6—Z’ cos 6=T7;, 


in which X’, Y’, Z’ are the solar motion components and 7, and 7; are the tangential 
components of the star’s motion in right ascension and declination, respectively, relative 
to the sun. 
‘ Solving our two systems of normal equations for the solar motion gives the values in 
able 1. 
The motions and components are in kilometers per second, and the errors are prob- 
able errors. The results from the radial velocities agree with those found by Wilson from 


® Harvard Bull., No. 847, 1927. 
7 B.A.N., Vol. 1, No. 8, 1922. ° Katalog und Ephemeriden Verdnderlicher Sterne fiir 1940. 
5 4.J., Vol. 35, No. 5, 1922. 10 P, J. van Rhijn and Bart J. Bok, Groningen Pub., No. 45 1931. 
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the same material" in spite of the fact that his solution was for galactic rotation as well 
as for solar motion. Both of the present derivations of the solar motion give a much larger 
motion than that obtained by Strémberg.” The reason for this is that the stars used in 
the present computation are, on the average, fainter and more distant than those used by 
Stromberg and have a greater motion relative to the sun. The K term is probably not 
real. 

The determinations agree with each other as well as can be expected, considering the 
the fact that only a small number of widely scattered stars were represented. The agree- 
ment in the two values of the solar motion tends to prove that the value of the absolute 
magnitude adopted in computing the tangential velocities is correct. 
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| Radial Velocities Proper Motions 











| 
Number CES. gee ate an 67 | 58 
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ee eS MERA sun uere 2a vinane ¢ +10+12 REET EE 
PICHIA coe oe sc Se ols ose 157 142 
Right ascension of apex............| 20%50™ | 21524™ 
Declination of apex................ +59° +38° 
Galactic longitude of apex.......... | 64° 53° 
Galactic latitude of apex............ + 9° | —10° 
| 








IV. THE VELOCITY ELLIPSOID 


Charlier’s'* method was used in computing the velocity ellipsoid. First, the second- 
order moments were found by means of least-squares solutions based upon the relations 
between these moments and the radial and tangential velocities. The equation of condi- 
tion governing the relations between the radial velocities and the six second-order mo- 
ments is as follows: 


v? — €? = a? moo + b? mMo20 + C? moo. + 246 mMiy +256 mou +2acmii , 


where 7 is the radial component of the star’s peculiar motion; e is the mean error of the 
star’s radial velocity; the m’s are the six second-order moments of the velocity distribu- 
tion; and a = cos a cos 6, 6 = sin a cos 6, and c = sin 6. 

The three roots of the cubic from the six-moment radial velocity solution for the veloc- 
ity ellipsoid were: 


L,= — 708 ; I, = +11,170; L3 = +25,830. 


As the lengths of the axes of the ellipsoid are the square roots of the L’s, the short axis 
is imaginary, making this solution a physical impossibility. The reason for this outcome 
is that the first three normal equations of this system are more or less indeterminate, with 
the result that the first three moments are not well separated. 

Since the solution from the radial velocities alone led to a physical impossibility, it 


1 Mt. W. Contr., No. 604; Ap. J., 89, 218, 1939. 
2 Mt. W. Contr., No. 293; Ap. J., 69, 363, 1925. 


18 The Motion and the Distribution of the Stars (“Memoirs of the University of California,” No. 7, 
1926). 
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CLUSTER VARIABLES 


was decided to use the proper-motion material to derive the velocity ellipsoid. To find 
the moments from the tangential velocities we have the following relations: 


= , 9 “4 poe ’ rr? ‘ , ”) 
M299 = Mo — X? > Mo20 = Mox — Y? ; Moz = Moo. — Z” , 


, “ , , 
M10 = M0 — XX ; Mou = Mo11— YZ ; Myo1 = Myoi— XZ. 


Also, there are three equations of condition connecting the tangential velocities with 
the m’s: 


2 2 e , , és , 
T. —Evp =sin? amo +Cos? amo — 2 Sin a COS aM410 , 


2 42 
7; -E7 = cos? a sin? 5 Moo +sin? a sin? 8 moo + cos? Sateen 2 cos a sin a sin? 5m 110 


— 2 sin a sin 6 cos $ mou — 2 cos a sin 6 cos 5 m1 : 


. . e . . ° . ¢ . © . , 
7,7; =sin a COS a Sin 6 Mo — Sin a COS a Sin 6 Mo29 + (sin? a sin 6 — cos? a sin 6) mMooo 


. © , . , 
+ (cos a cos 6 + sin a cos”? 6) moi: — Sin a COS OM. 


The symbol Er represents the mean error of one component of the tangential velocity 
for individual stars. The average Er is 63 km/sec, but this average has little significance, 
since the dispersion is great; it is the £7’s of the individual stars that have been used in 
forming the normal equations. 

Two complete solutions for the velocity ellipsoid were undertaken: the first with the 
proper motions corrected for galactic rotation and the second with the proper motions 
not corrected for galactic rotation. The corrections for galactic rotation used were those 
of Groningen Publication No. 45. In each case, three sets of normal equations were formed, 
based on the three equations of condition involving the tangential motions. The corre- 
sponding equations of the different sets were then added together and the resulting set 
of equations transformed from m’ to m. The solutions were then carried out. Because the 
orientation of the ellipsoid axes with the proper motions corrected for galactic rotation is 
more nearly normal, the set of normal equations connected with this solution was added | 
to the corresponding equations for the radial velocity solution, and a third solution for the 
velocity ellipsoid was made. 

Then, lastly, a solution for the radial velocities alone was made by assuming fixed 
axes as follows: X- -axis, in the direction of the galactic center; Y-axis, in the galactic plane, 
90° from the galactic center, in the direction of Cygnus; Z-axis, in the direction of the 
north galactic pole. The positions of the radial velocity stars were transformed to this 
system of galactic co-ordinates, the three normal equations formed, and the solution 
made for the axes of the velocity ellipsoid. The four resulting velocity ellipsoids are given 
in Table 2. 

The writer does not have any explanation for most of the differences between the vari- 
ous velocity ellipsoids, beyond calling attention to the fact that the number of stars in- 
volved is small and that the stars are distributed in a rather peculiar fashion. The fact 
that the proper-motion solutions are more nearly spherical can be accounted for by the 
assumption that the adopted probable error of the proper motions is too small. 

The dispersion along the axis through the galactic center is 170 km/sec, or thereabouts; 
this is fairly certain, since all four solutions agree on this point. The numerous radial- 
velocity stars in high northern galactic latitudes force the conclusion that the dispersion 
along the axis through the galactic poles is about 50 km/sec. 
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The dispersion along the axis in the galactic plane in the Cygnus direction is unknown, 
The best method to use in finding this dispersion would be to secure the radial velocities 
of about 20 more cluster variables in the Cygnus region. Until this is done, it will be im- 
possible to make any valid interpretation of the space motions of the cluster variables, 

The motions of those cluster variables for which both the proper motions and radial 
velocities are known were analyzed with respect to rectilinear components of motion in 
the galactic system of co-ordinates. Three stars were found that may possibly be in retro- 
grade motion about the galactic center. These stars are given in Table 3. The velocity 
components are in km/sec. 


TABLE 2 
VELOCITY ELLIPSOIDS COMPUTED FOR THE CLUSTER VARIABLES 


| | 
Combined 
Data 


Radial 
Velocity 


Corrected 
Proper Motions | 


Uncorrected 
Proper Motions | 


Axis toward Galactic Center 


168 km/sec 
184 1 4m 
— 43° 
319° 
ie 


185 km/sec 168 km/sec 
21 hj3m 1 7»28™ 
—57° — 30° 
304° 325° 
+43° 0° 


158 km/sec 
18533™ 
— 35° 
328° 


—15° 


Length. . 
Right ascension......... 
Declination 

Galactic longitude. . 
Galactic latitude 


Axis toward Galactic Pole 


80 km/sec 
13%37™ 
+21° 
336° 
+76° 


132 km/sec 47 km/sec 

256 1249™ 
+3° +28° 
142° 0° 

— 46° +90° 


233 km/sec 
Right ascension 15535™ 
Declination PREY Lyre +48° 
Galactic longitude. . . . ot 42° 
Galactic latitude +51° 


Length 


Third Axis 


Right ascension... . 


Declination. . . 


Galactic longitude. . 
Galactic latitude... .. 


188 km/sec 
1 1 h24m 


239 km/sec | 
20544™ 20°56™ 
+32° | +46° 
43° 55° 


a 7 ] 0° 


90 km/sec 


216 km/sec 
20°56™ 





TABLE 3 
CLUSTER VARIABLES IN POSSIBLE RETROGRADE GALACTIC ROTATION 


- 








+121 
+323 
+180 





In closing, I wish to express my thanks to Professor R. J. Trumpler of the University 
of California, whose advice and guidance greatly facilitated this piece of research. 
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ON THE EQUATION OF STATE OF IONIZED HYDROGEN 
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ABSTRACT 


In order to ascertain the deviations from conditions of a perfect gas inside main-sequence stars, arising 
from electrical charges on the particles, an approximate form for the equation of state of totally ionized 
hydrogen has been derived, in which account has been taken of the charges of the electrons and protons. 
Expressions for the internal energy and for I’,/(1 — I), where I: is the adiabatic exponent, are ob- 
tained. The electrostatic correction is found to amount to 1 or 2 per cent of the total pressure for stars 
with masses smaller than that of the sun. 


Since the early researches of Eddington on stellar interiors, it has been recognized! 
that a satisfactory first approximation to the pressure in the interior of a star is given 
by the perfect-gas law, despite the electrical charges of the particles composing the stel- 
lar material. The early calculations of the electrostatic corrections to the pressure were 
intended to indicate only the order of magnitude of the effect. Because of the increasing 
exactness of present-day stellar models,” it seems worth while to attempt a more precise 
estimate of the deviations from conditions of a perfect gas inside ordinary stars due to 
the charges of the ions and electrons. 

In this paper we propose to determine the form and magnitude of the correction 
to the perfect-gas law for completely ionized hydrogen by taking account of the electro- 
static interactions. One may expect that the results will be of some interest in evaluating 
conditions within actual stars. It is well known that hydrogen is responsible for about 
two-thirds of the pressure within a star; moreover, the corrections for heavier elements 
are even greater than those for hydrogen.’ Therefore, the electrostatic corrections for 
hydrogen will, in some sense, represent a minimum for conditions in actual stars. The 
formulation of the problem as given below eliminates some of the difficulties of the 
earlier treatments and, as we shall see, affords a better insight into the nature and serious- 
ness of the assumptions involved in deducing the magnitude of the effect. 

1. Formulation of the problem.—Imagine n hydrogen atoms, completely ionized, in a 
spherical volume V = (4)7R*. The contents of the sphere is thus » protons and n 
electrons. It is well known‘ that the equation of state for such a group of particles with 


Coulomb fields is 
os 1 2n 2n €:€; ) 
Vy = = .... 5s ; (1 
f V 2nk1 i 3 (= a | rT; _ rj | average 


t=] j=i+1 


where r, is the position-vector of the gth particle, and e, is its charge in e.s.u. Our task is 
the evaluation of the long-time average of the double summation. Assigning to each 


' Rosseland, A7.N., 84, 720, 1924. 


say eek; Cowling, M.N., 96, 42, 1935; Henrich, Ap. J., 96, 106, 1942; Sen and Burman, 4p. J., 100, 
347, 1944. 
* Rosseland, op. cit. 


. ‘See, e.g., Jeans, The Dynamical Theory of Gases, p. 131, 4th ed.; Cambridge: Cambridge University 
ress, 1925. 
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proton a number from 1 to 2, and to each electron a number from + 1 to 2”, we may 
write 


lj/en = €:€j 
u=3(> > 7 


lr.—r7; 
i=1 j=it+l iTi r;| average 


- ‘ e' 1 aN 1 
=3e]> =, ern a ° Me 8 nmal 


i=] j=i+1 | i=n+1 j=i+1 


S NS 1 


Pot 
rj | 7 average 





i=] j=n+1 |"* 


where ¢ is the unit electric charge, 4.801 X 10~!° e.s.u. 
The time-average of a typical term of equation (2) (say that belonging to the interac- 
tion of the gth and the pth particles) between the times fo and 1, is 


1 ord 
¢ r (t) dt; y(t) = |r, (4) —1, (f |. 


T—h t 





0 


If we call P,,(r)+4mr’dr the probability of finding particle g within a spherical shell of 
radius r and thickness dr, centered at p, then, by the definition of a probability, 


: t=r r= 
ye a 


re thd, Oh Soug 
Since the » electrons and the protons are indistinguishable inter se, the probabilities 
P., are all of three types; we may call them 

P, (r) when qgn, pn (proton-protron) ; 

P. (r) when g>n, pron (electron-electron) ; 


P; (r) when qKn, p>n (proton-electron) . 


Then 


4nrn ,f[nu(n—-1) £62 
2 oe ene 


ba 
‘ n(n—1) £° Pe ites 
+h f P. (r) rdr— nf P;(r) rdr. 


For all regions in which classical mechanics applies, Boltzmann’s principle gives the 
following form for the probability P of a particle of charge + ¢ being in a region where the 
potential is ¢: 

Pa e-(Fee/k7) | 
Now the average potential about any particle in the assembly will be spherically sym- § 
metrical. Let us call the average potential at a distance r from a particle gp(r) for the 


protons, and gz(r) for the electrons. We formally identify this average, with the actual 
potential, which appears in the expression for the probability, so that 


P, =. Ky e7 ee P(r . P, —s Koet eek) /kT : P, a Kzeter(nrr ' (4) 


The A’s are normalizing factors. 
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ye May Debye and Hiickel’ have derived a method for calculating an approximate form for 
yp(r) and gz(r). Applied to our problem, it gives 








gp (r) = —¢x(r) soem, (5) 
where See? 
9 OTEN 
Fa ae ” 
Numerically, (p/100) 73 
ae 8 et oe, 2 
5.013 x 10° | eran F 
Hence, 
Pi=Px=K exp (- er), | 
\terac- " 


P; = A; exp (+5 e), 


for all regions in which classical mechanics is valid. 
For values of r much less than 6, where 











rell of 
Baier, (8) § 
the whole particle-concept becomes inapplicable. It is consistent with this picture, then, 
to put P; = Pz = P; = 0, r<6, and to use equations (7) for them when r 26. For con- 
al venience, define 
ilities 
“- i -«r) rdr 
Lh= A (9) 
vo (-+ ~ ae om r’dr 
and 
pate = € -«) rdr 
J (9’) 
~~ ar € ~) r'dr 
Then 
GS) U=2 €[n? (11-13) —nI,]}. 
When use is made of the fact that the mean atomic weight y is } for ionized hydrogen, we 
s the find r : H 
e the via -— 4H], (10) 
where H is the mass of the proton, and p is the density of the gas. 
vee Combining equations (1), (2), and (10), we obtain 
r the 2k 
ctual P=- pT +2 (11) 
(4) For stellar conditions, the last term in brackets in equation (10) is seen to yield a correc- 


tion which vanishes as R—> ©. Even at R = 100 cm, the contribution is only 104 bar. 


5 Phys. Zs., 24, 185, 1923. 6 Numerically, 6 = (1.143 K 107-)/T. 
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The ratio of this to the actual pressures is vanishingly small (~ 10~'°). Since we are not 
interested in corrections of this size, it is ieee to write 


= 


P= 7 el +3 Spiro T;) |. (12) 


TE 


Only the mathematical Wis of evaluating V(J; — 73) for large R (of the order of 
meters, Say) remains.’ 
2. The explicit form of the equation of state.—Introducing the new variable , defined by 


r=6é, (13) 


fee e~et) Ea é 


V (11-1) =4x (6L) ?-=-| +—— 
t exp (-} eet) Bd 
1 
»—ak Ps < 
yf ex (Fe ) ede 
aay ; sche 
rf exp (x e~*t) E-dé 


we find 





where we have written 


Numerically, 
(p/100) © 


= 5 72¢ Q-2 
a= 55/29 X41 (T) Tonal 


Each of the four integrals is of the same type: 


L 3q ) 
) . = >. ==. pat ndé., 
QO (q, ”) f exp (52 End é 


We re-write this as 


a " : 3q »—at ‘ n ‘ n 
(gn) =f [exp (54 « sani end é 
_ J [exw (58 e~ )— 1 | E"d 
L 


Remembering that L ~ 10", we find to abundant on that 


Q(q,") =C(q,n) + i", 


C(q.n =f [exp (4 c “wt) — 1| end é. 


Substituting the expression (18) in equation (14) and noting that 
3 
C(41,)ete, | 
2a 
4 3 
~ —— 


7 In order to make sure that the correction is really a “local” phenomenon, i.e., does not depend on 
conditions at great distances from the point under consideration, we do not immediately set R = ©&. 


where 


(20) 
C (+1, 2) 











16) 


0) 


| on 
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we see that the dominant term is 
V (11-73) = — sro f sinh (5; e *) Edé. (21) 


The next term is smaller by a factor of about 10°. Let 


D= {| sinh (Fz e = eer e “a | édé. (22) 


Vth= hie sro? [> -+D|. (23) 


Then 


Now for conditions applicable i in stellar interiors, a is of the order of 10~*. Numerical inte- 
grations show that D < 0.75 for the whole range of relevant values of a. With an ac- 
curacy of better than 1 per cent, 


. , 5° 6 
V (1-73) = —1297—= —124r-. (24) 
a K 
Using equations (12), (8), and (24), we finally obtain for the equation of state 
Ik 2 (2m) 1/763 
Pu Oy Steet ~ p/2 T-1/2 | (25 
H *’ SHR? : 


The adiabatic ex ponent.—A quantity of considerable interest in the study of stellar 
structure is I’s,* governing adiabatic changes in the gas, according to the definition 
dP lr, dT 0 (26) 
— + ——_— —=(). 26 
| ie oe ey 
The second law of thermodynamics, stated for a gas with internal energy U(T7, V), 
shows that, for an adiabatic change, 


0=d9=52 dT +e P)av. (27) 
But, since® aU 9p 
ue oe 2 
av? or" am 
and 9p 9p 
P= av +—aT, (29) 
we readily find that 
¥ aU dP ~ - 
Tr. _ oT aV oT 
WS RR. Se oy (30) 
Fs P » OP 
oT 


We can find the internal energy of a gas with an equation of state of the form (25). 
Performing the indicated operations in equation (28), we find 


2 (27) “~ 


U =y (T) — FP RV? m3 2 V 1/2 T 1 2 


°S. Chandrasekhar, An Introduction to the Study of Stellar Structure, p. 56, Chicago: University of 
Chicago Press, 1939. 


* Tbid., p. 36. 
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The function ¥(7) is the expression for the internal energy of a perfect gas, as may be 
seen by considering the value of U as V— ~. Then 
k 2 (2) 8 


U =3 — mT -— 


H spppre MOVOTO, (31) 


where m is the mass in volume V. Use of equations (25) and (31) allows us to evaluate 
I'./(1 — Ig) explicitly. For convenience, set 


_ Ge)" ry ee _ 2k 
F nP = Zep T-V and (1 n) P= >, pT. (32) 


We then have 
Ts — § (1 —~—9)*+)9 (1 — 9) +29’ 


tr = 





1— $n Ga 


For small values of n, this becomes approximately 


r a: 
a= —$+4n. (34) 
1—-T: 

4, Conclusions —Equation (25) gives the expression, within the framework of our 
assumptions, for the equation of state of ionized hydrogen. The pressure may be con- 
veniently given as 

/100) 72 
AY aed (35) 
(7/107) 8 


Pm }1— 0.0140] 


tn! 


It is immediately obvious that, for conditions similar to those at the center of the sun, 
the electrostatic correction will be of the order of 1 per cent of the total pressure. A direct 
substitution of the values for p- and 7. obtained from the standard model!® for the sun 
shows that, for these values, 


APe 
“— = 0.43 per cent, 


where APz refers to the electrostatic correction to the pressure. Since the electrostatic 
correction is proportional to [8/(1 — 8)]'”*, where is the ratio of the gas pressure to the 
total pressure, it is, therefore, for stars built on the standard model, very nearly inverse- 
ly proportional to the mass." For a star like 02 Eri C, whose mass is 0.20 ©," the elec- 
trostatic correction corresponding to p. and 7, for the standard model is 2.1 per cent. 

However, equation (25) as it stands is not entirely adequate as a basis for more precise 
discussions. At best it is valid only for hydrogen. Moreover, there are several possible 
sources of error. The inaccuracy introduced by using an average potential around each 
particle may be appreciable; the expression (5) itself for the potential is inexact for 
small values of r. Finally, the electrostatic correction is directly proportional to 6 (see 
eq. [24]), the value of the cutoff. In fact, it is likely that the somewhat arbitrary assign- 
ment of this value is the greatest weakness of the present theory. Calculations are now 
in progress, with a view to removal of these restrictions. 


The writer is indebted to Professor Mark Kac, of the Cornell University Department 
of Mathematics, and to Professor S. Chandrasekhar, of the Yerkes Observatory, for 
valuable discussions. 


10 Jbid., p. 232. 1 Jbid., p. 229. 2 Tbid., p. 489. 
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THE VARIATIONS OF ABSORPTION-LINE CONTOURS 
ACROSS THE SOLAR DISC 


MERLE TUBERG 
Yerkes Observatory 
Received December 26, 1945 


ABSTRACT 


In this paper a new method for calculating theoretical contours of absorption lines at various points 
on the solar disc is described, the general case in which the ratio of the line absorption coefficient to the 
continuous absorption coefficient is variable through the atmosphere being considered. The method re- 
quires the solution of the appropriate boundary-value problem of line formation in approximations higher 
than those hitherto considered. Various tables which are needed for the practical construction of line con- 
tours are provided. 

Theoretical line contours are constructed on the “third approximation,” which provides predictions 
for three points on the solar disc, representing the fractions 0.97, 0.75, and 0.36 of the solar radius from the 
center. From the comparison between theoretical and observed contours for certain selected lines, it is 
found that the general trends in the observed center-limb effects are accounted for. 


1. Introduction.—The variations of line contours across the solar disc provide informa- 
tion concerning the structure of the solar atmosphere and the physical processes relevant 
to the formation of absorption lines. In most solutions to the theoretical problem pre- 
dicting such variations, it has been customary to assume that the ratio », of the line 
and continuous absorption coefficients is a constant through the atmosphere. While the 
approximate constancy of , through model stellar atmospheres is met under certain 
special conditions, it is, nevertheless, an assumption which is hard to justify in general. 
It would, therefore, be useful to have a treatment of the problem which does not make 
such restrictive assumptions and which is, at the same time, sufficiently simple to enable 
applications to practical cases. It is the object of this paper to provide such a theory and 
show that it is feasible by constructing theoretical contours for some typical cases and 
comparing them with observations. 

2. A method for computing the theoretical contours of absorption lines—The equation 
of transfer appropriate for the problem of the formation of absorption lines, originating 
from a ground state, is, in a standard notation,' 





dl, (l1-—e) » st! 1 +en, 
———~ 2 J, SSS v eS ee vj e 1 
“a Pitas, ha ita 3 
By introducing the quantity 
ie 1 +en, 
w= oe (2) 
equation (1) can be re-written in the form 
dI P +1 
os SE — + —_ a 3 
po=t-bU-d) fo Idu- B00, (3) 


where for convenience we have suppressed the suffix v. For the problem of predicting the 
equivalent widths of absorption lines, we can, without loss of generality, set « = 0; for, 
as is well known, a nonvanishing ¢ is required only for accounting for the central inten- 
sities. Following a general method, based on Gauss’s formula for numerical quadratures, 


‘See, e.g., B. Strémgren, Ap. J., 86, 1, 1937. 
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which has recently been developed by Chandrasekhar? for the solution of the various 
problems of radiative transfer in the theory of stellar atmospheres, we replace equation 
(3) by the system of 2 linear equations 


a iol Oe es S* a;1;— BW) G=+i,....,+0) @ 


iY oe _ 
7=—n 


in the wth approximation, where the y,’s are the zeros of the Legendre polynomial of 
order 2n and the a,’s are the appropriate Gaussian weights. 

In the ‘“‘standard case” the ratio n of the line absorption coefficient to the coefficient 
of continuous absorption at the frequency v of the absorption line is assumed to be inde- 
pendent of the optical depth ¢ in the line. The quantity \ has then a constant value \, 
(say), and the Planck intensity B(¢) is expressible as a linear function of ¢, 


B(t) =a,,+ 0, (5) 


where 6 = \ob,,. Expressions for a,, and 6,, are obtained by expanding B as a Taylor 
series from ¢ = 0, using Milne’s relation® for the temperature distribution, namely, 
cz? 


T*=Tj (1+ $7), (35’) 


where 7» is the surface temperature and 7 is the optical depth in the continuous spec- 
trum. The solution‘ to the system of equations (4) appropriate for this case is 


n (0) kat 
ep eke ae Gu+i,....,¢8), @ 


ia 
where the &,’s are the 1 positive roots of the characteristic equation 


aj 
1 — pik? 


1= (1-0) >) 


i 


an4 the L{’s (a = 1,...., #) are the m constants of integration to be determined by 
the boundary conditions 


(0) 
a 


0 


This solution has been obtained in its numerical form’ in the first three approximations. 
The roots ka (a = 1,...., ”) for various values of \» are tabulated in paper IV (Table 
1), and the constants Le = AoL{”/b (a = 1, 2, 3) in the third approximation are given in 
paper VI (Table 1) for various values of A» and 


S.~] 
x= — ——_., (9) 
ue" 
where j 
V9 Kyo 
u=- and n= = (10) 
kT) K ’ 
2Ap. J., 100, 76, 1944. This paper will be referred to hereafter as “IT.” 
3 Cf. E. A. Milne, Handb. d. Ap., 3, 119, Berlin, 1929. ‘Cf. II, p. 86. 
®C. U. Cesco, S. Chandrasekhar, and J. Sahade, Ap. J., 100, 355, 1944, and Ap. J., 101, 320, 1945. 
These papers will be referred to hereafter as “IV” and “VI,” respectively. 
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«,, being the continuous absorption coefficient at the center vo of the line and x, the mean 
of the continuous absorption coefficient over the spectrum. The quantity m is assumed 
constant through the atmosphere. 

We shall consider now the case in which 7 is not constant but variable through the 
atmosphere. However, we shall assume the change in » with optical depth to be such 


that we can write 
\ (4) =Ao + 6A (4), (11) 


where the quantity 6\ represents variations, small compared to \, about a properly chos- 
en constant value A». Under the same assumption, the Planck intensity will be given by 
the expression 


t 
B (t) = dy, t+ bi+ dp, OX dt, (12) 


0 
We have, accordingly, to solve the system of equations 


Ui Of T;-—4 (1—\X,) Sajl5— Xd, (av, + bt) +3 6ADa;T;— 5d (a,, + OL) 
dt , (13) 


—of srt Ge1,.:.. ta): | 
0 


In solving this system of equations we shall suppose that we can use for the J,’s, appear- 
ing in the second summation term on the right-hand side, the solution /‘” obtained in 
the “first approximation” on the assumption of constant \ = Ao. We have then to con- 
sider the system of nonhomogeneous linear equations 
Ps 1 A (0) 
6-3 (1—A,) Lajlj;—X, (a, + bt) +3 6dADa;1;— 5d (a,, + Dt) 
dt (14) 
—ofsrdt  G=H1,..... 40). 
0 


It appears that the most convenient method for solving this system of equations is the 
method of the variation of the parameters. Thus, writing the general solution in the 
form (cf. IT, eq. [18]) 








“ e7*at L_a(t) et*at : ‘ 
i => [a8 “40 Oe | + (uid tas, + bt) G= 1,-0.6, £m), (15) 
a=1 


m + uik 1—wpika 
where L, and L_, (a = 1,...., ) are functions of /, we readily obtain the variational 
equation 
—~p ee dL, ettat dL. 


| =4 a> aT) — 8X (any + BD 





wi Lit+uka dt '1—pjka dt 
(16) 
t 
mbt tak (GG=+1,.....4 
4 ( 1 n). 


Substituting for 7‘ in the foregoing equation from equation (6), we have 


n 


a she n 
[an |e 
Pi Lg 1+ypika toe * 1 —\o— ‘ea 





| 
(17) 
| 


& nt 
-of dt Geth..... ae 


Equation (17) represents a system of 2 linearly independent equations for the 2n 
functions LZ, and L_, ( a= 1, 7) 















148 MERLE TUBERG 


The system (17) can be solved in the manner presented in a paper by Chandrasekhar* 
for the solution of a similar set of equations (cf. VII, eq. [46]). Multiplying equation (17) 
by ai" (m = 1,...., 2m) and summing over all 7’s, we obtain 


Dy | Dai ae! (Ske + (-— 1) “Di .60* hi 
det 


a=1 


) 


= m Em, odd A 


where we have written 


1 ee] —of sri 


a=l1 


m 


a iM Sere es m aif; ee 
7 ZTE ae ( 1) pare 
The appearance of the quantity €m, oda in sg (18) results from the relation 


De ent == erate (m=1,....,4n), (21) 


(22) 


where : ; 
Em, odd — 1 if m is odd \ 


= 0 otherwise . 


The quantity D,,, . can be evaluated directly by means of the recursion formula 


ee: 
as = Ra (< ens ota — | oe :) (m = # cere y 4n) ’ (23) 
which for odd, respectively even, values of m takes the forms 


1 2 
D2j-1, 4 = zk. G4 — Dsj-2, ) 


and ' 
Ds;, a= ~ Doj-1, a. 


In this notation the equation for the characteristic roots k. becomes (cf. eq. [7]) 


2 
aa ee Wi (26) 


For odd, respectively even, values of m, equation (18) takes the forms 


Yana [ee ~+e tt Hs] = 0 (j= 1,.. 





dLa dL—a 2 : 
, ges. pdr a = = 
Dzj-1, «| ¢ rT e 7 | 27 ;4 oe 


a=l1 


6 Ap. J., 101, 328, 1945. This paper will be referred to hereafter as “VII.” 












khar® 
1 (17) 


(18) 


19) 


5) 


6) 














149 





ABSORPTION-LINE CONTOURS 


It is seen that equation (27) represents a system of homogeneous linear equations. Since 
the determinant of this system clearly does not vanish, we must have 


dLa kt dL_. —_ 
+kat = ( = Abe . 
+e ) (a =1, »n). (29) 


e—kat 


Equation (28) now reduces to 


: aE. 
D> Daj-1) ae! “faa (j=1,.... ,n). (30) 


a=1 


Expanding D.;-1, 2 by means of the recursion formula (23), we have 





“.( -—D 1 1 1 
N : peas e.. Ree 
2 ag ine + +3 pt oe (27 — 1) zi 
a= a a a (3 1) 
1 : 
lia 5 len (7=1,....5m), | 
where, for the sake of brevity, we have written 
dla 
X.= eet ae 32 
Xa=e ee (32) 


We can reduce the system of equations (31) to the simpler one? 


1 | 
saat Xe= 5p OU ey 
EA Pee he SE 


where the U,’s are defined as follows: 








U,=A, 

2 
a ey 
v= 1Ui~sa ay Ms 

2 2 
J =! | ne ee eee Le = —— U . 
sedi at 3(2—D) ~~ 5(2—D) ~"’ » (34) 
] aa y ees ee U Pie See U —_ 
al Ss ae eS ie 6 oe ie > 

—Ge-1) @= Do 7 


The inverse’ of the linear transformation which appears on the left-hand side in the sys- 
tem of equations (33) is known. The solution for X, can, accordingly, be found. We have 





( o—ket dLa \ 
| dt 1 pe! n—1 
oe af a ie 
| — etme dbs si I] (h? — k2) 3-0 > (35) 
d ja 





"Cf. ibid., p. 337. 8 Cf. ibid., pp. 339-341. 
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where S),. are the m independent symmetric functions in the (” — 1) variables k2 (u =§ 7} 
1,....,7—1,r+1,...., m), defined as in equation (79) of paper VII. 
It is convenient to re-write equation (35) in the form ; 
Le - F | 
= — ethat "= (1 — No) Oal a Cee ete 
- e 7, ( Ao) QaA (a n), (36) : 
WI 
where the Q,’s are defined by 
1 Re" 1 7 A 
ho a he ee AP nt + al 
¢ PAA ; a> Ur41 (a n). (37) 
Il (ie k*) h=0 
ja 
. . . . . ‘ . I 
Substituting for A from equation (19) in equation (36), we obtain a 
‘i. ' : 
—=0. [ nS 18 9" (1-0) bf 6n at| othe! (38) |, 
and ; 
dL-« ~ (0) ‘ 
sat = —Qa| 6X >> 18? ete — (1 = do) bf 4d dt] emt 39 
- On | an dss ¢ (a if dt| en*at (39) 


from which the solutions for 2, and L_ readily follow. We have 


t n \ 
> (0) — +k oad 
Lt =O, lf 5) (Ss , *') ethetd | 


(40) 
(1 — do) bfve * “(f an dt) dt] +10 — eee ee 
where ya (a =1,.... , 2) are n constants of integration; and 
La (1) =0.| “an ( > 15 et") e-etdt— (1—) Bf ete! | 
J A | 
> (41) 
t 
5X it) at| ae | 
x (far. om 


It will be noticed that in integrating equation (39) in the form (41) the constants of 
integration have been so chosen as to satisfy the boundary condition that none of the 
quantities increase exponentially as 7 ©. At¢ = 0 the equations (40) and (41) become 


10) «i ——, a, ee ,n) (42) 


and 
Ly 
L..(0) =Q, ales Teh ” pd en hathe) td (kat kp) t) } 


eo oo & Shente td (kel) | he 


0 


— 
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The latter equation can be written in the form 


(9) 
-a (0) =Qa b> one ON athy — SS on .| Cs leone ,n), (44) 


where we have introduced the quantities 


OM +k = f be —(ka +kg) td (kat kp) l (45) 
0 
and 


I, = J bdemtatd (Kel) . (46) 


Equations (45) and (46) represent certain averages over the values of 6A through the 
atmosphere, weighted according to the functions exp|—(ka + &g)/| and exp[—ka t|, re- 
spectively. 

The constants of integration y. (a = 1,...., #) which occur in the solution for 
L,(0) (cf. eq. [42]) are determined from the further boundary condition that there is no 
incident radiation on the surface ¢ = 0: 


I_,=Oati=mOfori=1,.... ,%. (47) 


This condition requires that (cf. eq. [15]) 





pa eee (0) 


ee | +e =p,b G@=i,....,), (48) 


e@= 
or, since L{”? satisfies the relation (cf. eq. [8]) 


(0) 





>. tan = wid (gm i,....,8), (449) 
= — mik a 

the equations for ya are 
~~ Ya a La (0) Gea <() 
ne T= aah dat TF pike ie) Ope ,n). (50) 

In terms of the matrices 

i 1 

= — 4 = E i) =s>—oS 5 t 
(G;;) = pa ind H= (H;j) itch (51) 
and the vectors . a 
V¥= (ya) and Le = (h), (52) 


the formal solution to the foregoing system of equations is 
y=G"'HL-_, (53) 
where the inverse of the matrix G is known explicitly.® 
This completes the solution to the variational equations (17) in the mth approxima- 


tion. 
The expression for the emergent intensity becomes 


L-«(0) 
— pike 





Lie = " |+ubta, Get... <0 


> ESeH 


*Cf. VI, pp. 320-322. 
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The foregoing equation can be written alternatively in the form 


n L® a (0) ; a 
1.0) = [eine gt dine SES ~|+uid tan GG=mi,....,%), Ge 


a=l 
where 
1 — Xo 1 — Ao 1 — pika Ya | 


Ci. 1 +pike and dise™ — ery I.) 


The emergent intensity in the continuous spectrum is given by 


IT; (0, cont.) = a,, + b,,u; 


1- — Mika 



















obtained by putting X = A» = 1, in equation (55). Finally, 
the residual intensity in the line 

I; (0) ' 

1; = p= 1,....)08) Ge 

IT; (0, cont.) ( ) (58) 


can be written in the form 


Satu r= D> [¢i, kets, -a(O) |] +rou, + 8: (¢=1,....,2), ($9 
— 
where 
’ a 
"aoe Fe ee | : 
claw 1, Ea (60) 
and 
P re — 
¥_, (0) =Q, get ka t+ ke 5X athg — Pe 5X, | (61) 


Equation (59) enables us, then, to compute in the mth approximation theoretical con- 
tours for » different points along a radius of the stellar disc, the emergent radiation being 
assumed to be divided into m streams symmetrically located along each radius. 

It may be recalled that in the integrals over 6\ we can put 


_ Ng 
a Pe (62 
t “i ae ) 
We have 
TRgtig =f de Cathannidnd | (be + ha) 2” 7] (63) 
0 
and 
¥ —_— % 2 k alygT/ Xo Nvo |. 
Bm, = [bre d| ke a (64) 


The difference in the weighting functions for 6\;, and 5Xx,+ kg is related to the difference 


between the two mechanisms operative in the formation of absorption lines. Absorption 
lines are produced by continuous absorption, depending upon the existence of a tempera- 
ture gradient, and by scattering, causing a deviation from Kirchhoff’s law. The integral 


dXx,, to which relatively deeper layers contribute, is associated with the first of these 
effects; the integral 6;,;1, to which relatively higher layers contribute, is associated 
with the second. 
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3. The solutions in the first and second approximations: (a) The first approximation.— 
The discussion of the approximation m = 1 is of particular interest, since the solution ob- 
tained can be compared directly with Strémgren’s!” work. For this case we have wi; = 
1/\/3 and ki = y/(3Xo). The final expression for the emergent intensity becomes 











’ — 2 ay b 
pa V+ b 1a a = 
__ Dani Maga ae a gh 9 ad 
(65) 
26 
_V320_ , % —V3Xo0t 2>_ 
ey, cal | bd e-VBotd (\/ 3A) « 





Performing the transformations carried out by Strémgren,!! we can reduce equation (65) 
to the form 


ceca 2 = 
ye VX wo by,d 





IT, (0) = — : (66) 
1+ Vd 
where 
X= fo ne-VBed (VIKel (67) 
and 
Vi= fF Vd e72V80td (2 VW 3Xol) « (68) 
Using the relation (cf. IV, eq. [7]) 
F(t¢=0) = ie I,(¢=0), (69) 
we have 
F(t="0) = 4 ay, V3 VX + 3 bro (70) 


1+ Vn 
This is equivalent to Strémgren’s result (cf. op. cit., eq. [87]) except for the omission of 


the factor 2/+/3 before the term V d in the denominator. This difference results from the 
fact that the Eddington approximation, J = }/ at the surface, is not made in the 
present work. 

b) The second approximation.—In this approximation yp; = 0.34 and uw. = 0.86, and 
theoretical contours can accordingly be computed for these points. The final expressions 
for the emergent intensity are 








Ly Lt 
I 1) = _ Vo 
1 (Q) 1+ ahs eos ee 
4urki (Ri tke) (uit ue) 
' i I. A 
+i Fpl) *d+mb) U+mk) Gap 2 > cD 
oh 4urke (Rk, + ke) (ui + me) re (0) 








(1 + pike)? (1 + woke) (1 +yiki) (1 — pike) 


10 Op. cit. (see n. 1, above). 1 [bid., pp. 14-16. 
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Fh Pa ) 
chal tae On | 
42 ky (Ri + ka) (uit pe) 


ceca he A BB ae oe 
TCL ink Oe eae ae 


42 ko (kit ke) (uit ue) 


I.(0) = 





a. oe 
Tae Utedo Gore 
The quantities L{" and L$” are given by (cf. VI, eq. [11]) 
fo (1 — ve ae 
1 = Lame) mek) , po [1—k: (ui tus) +2 k.| (73) 
ki— ks 
and 
(OQ (1 an Re) k. 2) Ty - 
12) = Lobe = ee ene eb (74) 
The solutions for L_; (O) and L_» (Q) are 
—k} k; ) 
Ao) Ss. — . 
a) Sa 3ro | 
| (75) 
fe = be | gg ee 1] 
2k mm a ” k* a ) 
and 
L,(0) = (1- ) 
ren 2Xo ( (k? BB 7) | 
> (76) 
z (0) : (0) b ath 
x| ess Xz, +k, +5 ——— ; OdzK, — (1 — do) Pe 5x, | | 


4. The solution in the third approximation in numerical form.—In this approximation 
the points of the Gaussian division are yu; = 0.24, uw. = 0.66, and wu; = 0.93. According- 
ly, contours for these points, representing the fractional parts of the radius, 0.97, 0.75, 
and 0.36, respectively, from the center of the disc can be obtained. The expressions for 
the emergent intensities at these points become 














Lt” Ly re 
hs tes ks | 
4 Auk (ith) (Rathi) (uitme) (astm) eh | 
(1Furki) ? (1Fueks) (Fushi) (1-Faiks) (Fuiks) miki)! L (77) 
wy 4urke (Rithks) (Retks) (witwe) (ust) —L_»(0) 
(itmike) 2 (1+pyoke) (1+yu3k2) (Atmiki) (1 +miks) (1—piks) ~ 
"a Auiks (Rathi) (RotRs) (uitme) (ustm) L_3 (0) , 





(1Fuiks)? (1 meks) (Fusks) (miki) (mike) (1—piks) 
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Ly” Lt Lo ) 
o(0) = eae as 
ls = [Fushi * tusks * 14maks * »b+a | 
4 uo ky (Ritk) (ks +k, ) (uit me) (yo +3) 5. ie 
* itndo (1+yok:)? (1+pmski) (1t+meks) (1+ucks) (1—pok:) ~' (78) 
—_ —— Auaks (Riths) (Rotks) (uit) (u2+us) _L»(0) 
(1+pike) (1+ poke)? (1+ysko) (At+moki) A+ueks3) (1—poko) ~? | 
pales (hath) Chet hs) (urtue) (urtus) gy | 
(1Fuiks) (1-+poks)?(l-Fusks) (1tueks) +ueks) mek)? ) 
and 
- FS Ly foo 
CG) ae tees hie 
Is fa, tek ee sks Hiab + an 
re 4uski (kit hs) (Rsthi) (ustui) (ustos) -L_, (0) | 
(14+uiki) (1+yok:) (1+u3k1) ? 1+y3k2) (1 +u3k3) I—wskp L (79) 
i : Parr 4uzko (kit ko) (ko +k;) (usu) —_ » (0) | 
“(itmiks) (A+ peks) (1+y3ke) 2? (1+u3ki) (1+p3hks) ica | 
4______ asks (at hy) Chote) (usta) (wots) gy | 
~ (1+uiks) (14+pmoks) (1+usks)? 14+uski) (1+usk2) A—psk3) °° J 
The equations for the constants Sing are (cf. VI, eq. [9]) 
(o)_ (1—piki) (1—peki) (1-— 3k) ; 
I eh NOM b+ hs) — Rok ( , 
1\= a b| (hatha) — ek, iertneta | a 
+ bak |, 
0 (1—pike) (1—peke) (1—psks) 
fq = aie) Oa nske) 0 aoe) af (beth) babi (urturtue) ) 
(ko— ks) (ki— ke) zs > (81) 
+ b kk |. | 
and 
) _ (1— parks) (1 — poks) (1 — waks) 
3: =—— — = — ( 
L! Cy Ge Bye | (bt) — baka tata) | ‘as 


+ = I ihe | : | ‘. 


The quantities Z_.(0) are given by 





po __ po __ (o Psabsa,: 
L_, (0) = 055 he, +745 Neth, bpp OMe te— (12) B im, |, (83) 
L_» (0) = 0,[ aK a eS a te (1— Yo) i Xe}, (84) 
and 
Fag L” (0) 
L_, (0) =0,[-~ EE, Det type yee Dw, I ho) ge BR |, (85) 
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where 
5 
ky 


" k+k 
O1= Te BD) Corie “a, ++ on pee], 8) 








2 ki +k; ( 1 a) 2,2 
jo = —— — oprennmene be 
Ct Oy EB) Coe i, oe ees], (87) 


and 


ki = 

















Q; = 2d (kB? 2) — i) >| + apart aie] : (88) 






The expressions for the residual intensities have the form 
Sets) ri= Ci Wit ci, etc, fats 1271 (0) 

+ dj, 2&2 (0) +4;, 3-3 (0) +rmit hx G=1, 2, 3) “a 

where %; = ¥./(1 — Ao). It is the quantities %, which are tabulated for different values 


of Xo and x in paper VI (Table 1). The coefficients c;,_ and dj, q are equivalent to the 
corresponding coefficients of Z{°) and L_a (0), respectively, in the expressions (77), (78), 























TABLE 1 
VALUES OF 61,2 AND dj,q 
do | C1,1 C1,2 1,3 di,1 di,2 di,3 
ASS ee | 0.5668 1 0.7738 3.877 0 | 0.8268 
NDS sacs ss Seka. . 5037 0.7997 6944 4.022 0.6235 .9639 
Cl Sea | .4421 0.6840 .6150 4.071 . 7078 .9320 
SN es xiv es .3818 0.5844 | .5356 4.105 . 7049 8652 
een As shais a siaisd .3231 0.4930 .4566 4.135 .6564 . 7782 
LS Soe | . 2658 0.4064 .3782 4.160 . 5800 .6760 
PR sb sicaecck . 2100 0.3228 . 3006 4.184 .4848 . 5608 
RE aes 1555 0.2409 .2241 4.208 .3759 4344 
Ree | . 1024 0. 1600 . 1485 4.230 . 2576 . 2980 
O98 cic. ccs] UOOR6 0.0798 0.0738 4.253 0.1318 0.1529 
1.00. .| 0 0 0 4.274 0 0 
| 








and (79) for the emergent intensities, multiplied by the factor (1 — Xo). Values of these 
coefficients c;, 2 and d;,. for various values of Xo are tabulated in Tables 1, 2, and 3. 
The quantities Q. have also been computed for different values of Xo, the results being 
given in Table 4. This completes the formal solution to our problem. We now turn to 
applications of this theory. 

5. The variation of n through the solar atmosphere.—For each selected point on the 
contour of the absorption line, the basis of the calculation is the function (7), which 
can be evaluated numerically in the manner of Strémgren.” For transitions arising from 
a ground state, the line absorption coefficient which results as a consequence of radiation 
damping, collision broadening, and Doppler broadening is given by 


C= koN,H (a, v) ’ (90) 


"2 Festschrift fiir E. Strémgren, Kopenhagen: Einar Munksgaard, 1940. 
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VALUES OF 62,4 AND dag 
do 62,1 C2,2 62,3 d2,1 d2,2 d2,3 
RE ie: 0.3207 1 0.5524 | —1.2454 0 4.694 
ae . 2830 0.6680 4944 0.9162 1.0530 4.764 
< Se aeae 2466 0.5443 4362 0.7400 1.3168 4.654 
“eee 2115 0.4521 3783 0.5977 1.4287 4.575 
> eee .1778 0.3746 3208 0.4768 1.4292 4.556 
| GRRE Ae 1453 0.3053 . 2642 0.3720 1.3335 4.604 
oe oe 1140 0.2405 2088 0.2798 1.1596 4.715 
oye as .0839 0.1785 1547 0.1980 0.9249 4.876 
SR coud 0549 0.1181 . 1020 0.1250 0.6456 5.074 
SRS 0.0270 0.0588 0.0505 —0.0593 0.3344 5.298 
T° Sees. 0 0 0 0 0 5.544 
TABLE 3 
VALUES OF 63,4 AND diya 
Ao €3,1 63,2 3,8 d3,1 d3,2 d3,3 
ear ee 0.2508 1 0.4667 —0.8498 0 —7.5841 
SETAE aoe .2210 0.6041 4172 5699 1.473 5.9517 
ee cae 1922 0.4812 3677 4530 2.203 4.6880 
a Ne 1645 0.3948 3183 3635 2.982 3.6022 
SERS ee 1380 0.3247 . 2694 2892 3.887 2.6970 
I cg Sh 1126 0.2632 2214 2254 4.938 1.9690 
Sa alee 0882 0. 2067 1746 1696 6.121 1.3936 
| Te. 0648 0.1531 1291 1201 7.414 0.9372 
See 0423 0.1012 0849 0759 8.783 0.5680 
a. 0.0208 0.0502 0.0420 —0.0361 10.214 —0.2617 
ee 0 0 0 0 11.674 0 
TABLE 4 
VALUES OF Qa 
— — — at te arrears any —_ rs | ——— —— = 
o | on | Q: Qs 

Oi bs, ced | —0.9519 | —2.4004 | —0.1773 

"SRS: 0.9750 | 1.4449 | 2254 

SS SR tie | 0.9914 0.9679 | 2769 

| aeealpsees caters | 1.0014 0.6617 | 3206 

ee ee! | 1.0061 0.4539 | 3468 

oS | areas | 1.0065 0.3142 | 3525 

| a eee | 1.0034 0.2219 | 3420 

REC | 0.9977 | 0.1608 | 3221 

EIST, | 0.9898 | 0.1199 | 2979 

"See —0.9805 | —0.0919 | —0.2728 

| 
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where kp, the fictitious atomic absorption coefficient at the center of the line for vanish- 
ing damping, depends on the Einstein coefficient A,,;, corresponding to the transition 
in question, and where H(a, v) is a certain definite integral involving a@ and v as two 
parameters.'* The number of absorbing atoms J, per gram at a given optical depth r can 
be determined with the aid of Saha’s equation in terms of the temperature 7 and the 
electron pressure p, prevailing at 7 and certain relative abundances, including the ratio 
of hydrogen atoms to metal atoms (A in Strémgren’s notation) and the ratio of the 
particular absorbing atoms to the metal atoms. The integral defining H(a, v) has been 
tabulated by Hjerting’* for various values of v, representing the deviation from the 
center of the line in units of the Doppler width, and 


a Ba (91) 


In equation (91) Avy is the coefficient of radiation damping, Ay,, the coefficient of colli- 
sion broadening, and Avp, the Doppler width. The transition probability A ;.; determines 
Avy. In evaluating Av, in the solar atmosphere, we shall follow Strémgren and consider 
only the effect of collisions with neutral hydrogen. Moreover, we shall put the partial 
pressure of the neutral hydrogen atoms equal to the total pressure P. Under these 
conditions the number of broadening collisions is proportional to T7~°-’P and is related, 
in addition, to Rf, the mean square radius corresponding to the upper stationary state of 
the broadened spectral line. 
Thus, the evaluation of 


(92) 


requires the adoption of a model solar atmosphere, giving the temperature, the total 
pressure, and the electron pressure as functions of 7, computed with a certain mean 
absorption coefficient for various assumed values of the hydrogen-metal ratio and the 
relative abundance of the absorbing atoms. The present investigation will be limited to 
those lines for which reasonably accurate transition probabilities and the physical data 
for the calculation of the collision broadening are known. 

From the numerical values of \ = 1/1 + 7 so derived, appropriate values of Xo, 
about which the relative variations of \ in the relevant range of r are small, are chosen. § 
It should be mentioned here that the final results are not particularly dependent on the 
choice of the precise value of Xo. For two values of Ao which do not differ very greatly 
lead to the same results. This agreement is, in fact, guaranteed by the circumstance 
that our theory is correct to quantities of the first order. The proper averages of 65) (cf. 
eqs. [63] and [64]) can then be evaluated, by numerical quadratures. In carrying out these 
averages it was found convenient and sufficiently accurate to use a three-point integra- 
tion formula,'* according to which we set the integral 


fo) 3 
yay = fo dr e-Momrrva] f (8) Pr | = DY gsr (ad, (93) 
i=1 


where x; = [f(k)n7/Xo] (¢ = 1, 2, 3) are the roots of the Laguerre polynomial L(x): 
x, = 0.41577 , Xo = 2.2943 , X3= 6.2899. (94) 


13F, Hjerting, Ap. J., 88, 508, 1938. 
144. Reiz, Arkiv fir matematik, astronomi och fysik, Vol. 29, Part 4, 1944, 
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The corresponding ‘‘weights” g; are 
qi=0.71109, — q,= 0.27852, — g3= 0.010389. (95) 






Thus, 5A;(4) is determined as the weighted mean of the values of 6A at 






Tatio .. a 
f the i= Foy Gy (i= 1, 2,3). (96) 
been 





6. The comparison of theoretical contours with observed contours.—In the present in- 
vestigation a model solar atmosphere in radiative equilibrium, computed by Rudkjgb- 
ing” for a boundary temperature 0) = 5040/7» = 1.041 and log g = 4.44 and for the 
hydrogen-metal ratio log A = 3.8, obtained by Strémgren,” was used. The mean ab- 
sorption coefficient k corresponds to the Rosseland mean over all frequencies of the sum 
of the continuous absorption of neutral hydrogen and the negative hydrogen ion, set 
equal to its maximum value 2.6 X 10~'? cm®, as derived by Massey and Bates,"* over the 
entire spectrum. ; 

Houtgast’s'’ observations of strong Fraunhofer lines at seven and eight points along a if 
solar radius provide the most complete basis for the comparison of the theory with ob- 
servations. Of the lines observed by Houtgast, those selected for application of the pres- q 
ent theory of stellar absorption lines include the D lines of sodium, the H and K lines 
of ionized calcium, and the calcium line \ 4227. Strémgren’s” relative abundances of 
sodium and calcium in the sun were adopted; the logarithm of the number of sodium 

- atoms per gram matter is 17.7; of calcium atoms, 18.0, the manner of determination of it 
the latter being more approximate. Values of , to which the calculation of the residual 
intensities is sensitive, were obtained from Miinch’s"* discussion of the observed emergent 
intensity distribution at the center of the solar disc and the emergent flux distribution of 
the continuous spectrum of the sun. For the H and K lines of Ca 01, ” is 0.674 and 0.694, 
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total respectively; for the Ca1 line \ 4227, n = 0.636; and for the D,; and D; lines of Nat, 
nean n = 0.756 and 0.755, respectively. For the sodium D lines the transition probability was 
| the adopted according to Ladenburg and Thiele,!® A;.; = 6.8 X 10’, and the mean square 





d to 
data 





radius, needed for the computation of the collision broadening, was derived from wave 
functions obtained by Fock and Petrashen,”? R? = 4143, ao being the atomic unit of 
length. For the calcium lines, the transition probabilities obtained by Hartree and Har- 
tree”! were used; further, from their wave functions the mean square radii were deter- 







Xo, 








“hl = mined. We have for the H and K lines, Ay; = 1.66 X 10% and R? = 23a?; for \ 4227, 
atly Ap, = 1.40 X 108 and R? = 69a?. 

ince In the computed variation of 7 through the atmosphere, it is interesting to note that, 
(cf. for the Ca 11 H and K lines, » remains practically constant in the regions relevant to the 
neal formation of the lines, decreasing with 7 at greater depths. In the case of the \ 4227 line 





of Ca1, » first increases and then decreases through the atmosphere. In the wings of the 
sodium D lines, the variation of 7» with 7 is similar to that for \ 4227, but the relative 
changes are less. At the centers of the D lines, » decreases with r. 

Contours have been computed at three points on the solar disc, at } = 21°, 48°, and 
76°, according to the third approximation. The theoretical results are compared with 
the observational material presented by Houtgast.'’ Tables 5-9 give the observed and 
computed values of the residual intensities at selected points on the contours as functions 














6 Zz. f. Ap., 21, 254, 1942. 16 Ap. J., 91, 202, 1940. 
17“The Variations in the Profiles of Strong Fraunhofer Lines along a Radius of the Solar Disc’’ (dis- 

sertation), Utrecht, 1942. 

18 Ap. J., 102, 385, 1945. 20 Phys. Zs. Sowjetunion, 6, 368, 1934. 


Zs. f. Phys., 72, 697, 1931. 21 Proc. R. Soc., A, 164, 167, 1938. 
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The quantities c, given by the equation 


TABLE 5 


RESIDUAL INTENSITIES FOR Ca u K 






of 3. The observed contours at the given angles were obtained by linear interpolation in 
Houtgast’s tables of residual intensities for undisturbed points. The observations for the 
sodium D lines are the most free from error, the calcium lines, especially \ 4227, being 
more strongly disturbed by blends. In the present work no proper theory of the central 
intensities is included. It is to be noted that the center-limb variations are most pro- 
nounced in the inner wings of the lines. The predicted and the observed profiles of the 
K line of Ca 11, the Cat line \ 4227, and the D, line of Nat at 3 = 48° are shown in 
Figures 1, 2, and 3, respectively. The agreement between theory and observations is 






















































v=21° J = 48° v=76° 
Ar ae ar Bee DS — 
Computed Observed Computed Observed Computed Observed 
| REE eee a 0 0.072 0 0.078 0 0.129 
5 ee ee 0.088 .150 0.105 .179 0.126 .270 
<b I LE a oe . 204 241 .226 . 285 . 300 .397 
5... a .374 .395 .402 .421 .514 301 
eo a ee COO .518 .558 .542 .562 . 666 .647 
ae ai . 688 420 700 | 124 . 802 . 767 
CA ee ee .831 849 832 848 . 899 868 
| PS SA es 0.895 0.924 0.896 0.920 0.940 0.936 
eT ee er 38.8 46.8 38.0 25.9 32.4 
Eq. widths...... 19,050 19,050 18,680 18,360 14,360 15,850 
TABLE 6 
RESIDUAL INTENSITIES FOR Ca tu H 
v=21° d= 48° 3=76° 
AA = Se 
Computed Observed Computed Observed Computed Observed 
Se | 0 0.073 0 0.080 0 0.128 
BPS ode bere 0.134 .193 0.150 | .215 0.196 .320 
at egethas Fone: "325 44.| 33 “411 “469 
eee 500 500 a 523 647 616 
: plgeabet eins Sao .673 .655 .679 | .660 .779 731 
SSL eee .803 .791 .807 | .799 .879 .842 
eee ..| 899 | 891 900 | 894 944 928 
BRA siinnichesa ius 0.941 0.932 0.941 | 0.936 0.967 0.958 
“Tay ane Pr 24.3 | 26.0 23.9 24.8 13.5 | 18.1 
Eq. widths......| 14,280 | 15,110 13,990 14,685 10,970 | 10,930 
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applicable to the wings, were found graphically for the computed contours. The equiva- 
lent widths were measured with a planimeter. The contributions to the equivalent widths 
from the far wings were obtained by the expression 


ve(5- tan-! <*). (98) 


The constants c and the equivalent widths of the lines, expressed in mA, are also given 
in Tables 5-9. The observed values were read from smooth curves drawn through Hout- 
gast’s observations across the solar disc for each line. In the ratios of the computed c’s 
for the Ca 11 H and K lines and for the Nat D lines, the doublet ratio 1:2 is reflected. In 


TABLE 7 
RESIDUAL INTENSITIES FOR Ca tI \ 4227 












































3=21° v= 48° v=76° 
AX . Se Se 
Computed Observed Computed Observed Computed Observed 
bei sc Shey 0.002 0.052 0.002 | 0.054 0.002 | 0.071 
ae 066 | 131 080 | 140 | ll | .188 
RG. iss a een 280 | 329 Cc 2 329 398 | 414 
Sa 466 484 479 472 598 523 
0.60..... ont 609 617 624 | 584 | 616 
0.80..... A 740 729 735 | 689 817 | 696 
~ Se ae 867 850 858 | 822 902 | 803 
Ye 923 912 916 | 895 942 | 884 
ee ie 0.964 0.969 0.960 | 0.955 0.971 | 0.969 
i hi en Soe | 0.23 0.22 am | G2 | 8 0.25 
Eq. widths... .. .| 1391 1425 1392 | 1519 | 1118 1449 
TABLE 8 
RESIDUAL INTENSITIES FOR Nat De 
v= 21° 3 = 48° | d= 76° 
AX | ne-ceaaeisenenesbesnn intianatbiiiniewedlodneapnnionteeninemmeneies -] nae 
| Computed Observed Computed | Observed | Computed | Observed 
a ain | 0.004 0.070 | 0.006 | 0.060 | 0.006 0.085 
eee .031 111 033 | i | 039 | 111 
eae 177 .218 196 | 229 | .253 | 235 
| Rae 316 .370 344 | .392 | 430 | 450 
|) 7s ee 610 639 630 | 640 | 723 | 698 
See 781 .793 782 | 784 | 852 | 814 
| ea 861 .878 864 | 866 | 909 .880 
Se .932 934 940 935 | 956 | 947 
es a 959 949 957 | 959 | 975 | .970 
. ee! 0.968 0.973 | 0.970 | 0.983 0.979 
“Seen 0.10 0.0922 | 0.10 | 0.097 | 0.0600 | 0.087 
Be end 912 984 | 926 | 878 
| 
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the case of the observed ratios for the H and K lines the deviation from the doublet ratio 
is attributed to the disturbance of the H line by He. 

The ratios between the c’s and between the equivalent widths of a given line at various 
points on the solar disc are of greatest interest for comparison. These ratios, theoretical 
and observed, are recorded in Table 10. For the sodium D lines and \ 4227 of calcium the 
observations indicate an increase in the wings up to 3 = 60 °and 65°, respectively. The 
small observed increase for the sodium D lines is not predicted. In the case of \ 4227 the 


TABLE 9 





RESIDUAL INTENSITIES FOR Nat D, 


v= 21° 


Computed | Observed 


Computed | Observed 


Computed 





.165 
320 
.500 
ee 
. 884 
925 
.965 
.987 
0.995 


Eq. widths. . 


0.008 
.043 
Zia 
.474 
753 
.879 
.926 
.967 
.980 

0.989 

0.050 

693 


0.100 
.160 
.326 
511 
755 
. 880 
923 
.965 
.984 
.995 


.050 


664 


0.008 
.050 
.329 
.576 
. 830 
.918 
.952 
.978 
.986 
.992 
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predicted increase in the wings is less than the observed. This phenomenon is not so pro- 
nounced in the observations made by Royds and Narayan.” In general, the theory pre- 
dicts a greater decrease near the limb in the equivalent widths than is observed. Shane’s® 
observations of the sodium D lines suggest, however, that the wings are appreciably 
weaker near the limb than Houtgast’s data indicates. Also, for Ca 1, \ 4227, Royds and 
Narayan” find a decrease in the equivalent width at 3 = 76°; the ratios of the equivalent 
widths obtained by them are 1.00, 1.02, and 0.904, the values of 3 being 21°, 48°, and 76°, 
respectively. 

In judging the differences which exist between the predicted and observed variations 
in the contours, it must be remembered that on the theoretical side the present work can 
be improved by the use of a more accurate model atmosphere for the sun. The Rosseland 


TABLE 10 
RATIOS OF THE c’S AND THE EQUIVALENT WIDTHS 























| 
| c(d) Eq. WiptHs (0) 
¢(21°) Eq. Wiwtus (21°) 
LINE | 3 —— - 
| Computed Observed Computed Observed 
(2) rr 1 1 1 1 
Cat K “a: 0.981 0.979 0.981 0.964 
Co re 0.543 0.835 0.754 0.832 
(o=21°. 2.2... 4 1 1 1 
Cat H TOMORO. . .veccas | 0.984 0.954 0.980 0.972 
"| t ra 0.556 0.696 0.768 0.723 
(=21° cave ee's 1 1 1 1 
Ca1r4227 {h=_48......... 1.09 1.23 1.00 1.07 
"ot | | Si 0.652 1.14 0.804 1.02 
(#=21° rer ye 1 1 1 1 
Nati Dz joe48......... 1.00 1.05 0.981 1.02 
(#=76.........| 0.600 0.946 0.771 0.963 
(d= 21° Ria Si SceTES 1 | 1 1 1 
Nar D, {0=48 siasenunnaiganese 0.980 | 1.06 0.957 1.03 
aKh......... | 0.627 | 0.915 0.780 0.946 
| 











mean absorption coefficient used by Rudkjgbing should be replaced by the proper mean 
absorption coefficient as defined by Chandrasekhar.‘ Further, this should be determined 
with the new absorption curve for H~,” the contribution to the opacity from the free-free 
transitions of free electrons being included. On the basis of the model atmosphere ob- 
tained, the relative abundances of the various elements composing the solar atmosphere 
should be rederived. Such an investigation is proposed for a later time. 


It is a pleasure to acknowledge my indebtedness to Dr. S. Chandrasekhar for his con- 
stant guidance and friendly encouragement. 


2 Kodaikanal Obs. Bull., No. 109, p. 375, 1936. 
23 Tick Obs. Bull., No. 507, 1941. 

24 Ap. J., 101, 328, 1945. 

25 §. Chandrasekhar, Ap. J., 102, 395, 1945. 
























Ss and 
alent 
1 76°, 


tions 
< can 
‘land 


an 
1ed 
ree 
»b- 
ere 











ON THE RADIATIVE EQUILIBRIUM OF A STELLAR ATMOSPHERE. IX 
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ABSTRACT 


In this paper the problem of diffuse reflection by a semi-infinite plane-parallel atmosphere is con- 
sidered along the lines of the earlier papers of this series. Explicit solutions are obtained for the cases 
when the scattering of radiation by the atmosphere takes place in accordance with the phase functions 
M1i+-xcos0), (O<A <1, —1 ¢ x <¢ 1), and (1 + cos? 6). It is shown how simple, closed expres- 
sions can be found for the angular distribution of the reflected radiation in a general nth approximation. 
Only certain simple algebraic equations need be solved for their ‘characteristic roots” to bring the solu- 
tions to their numerical forms. 

Tables of certain constants and functions required for the practical use of the solutions are provided. 


1. [ntroduction.—The phenomenon of diffuse reflection by a semi-infinite plane-paral- 
lel atmosphere is of particular interest for astrophysics. It occurs in the study of plane- 
tary illumination and of the reflection effect in eclipsing binaries. And it is basic for the 
interpretation of reflection nebulae. While-these various aspects of the phenomenon have 
been the subject of numerous investigations, it is fair to say that, except in the context 
of the reflection effect in binaries,! the fundamental problem in the theory of radiative 
transfer has not received an adequately satisfactory treatment. However, interest in the 
general problem has been revived by a series of recent papers by V. A. Ambarzumian,? 
who has tried to eliminate the explicit solution of the equation of transfer by concen- 
trating on the angular distribution of the reflected radiation alone. In this manner he 
has been able to reduce the problem of characterizing the reflected radiation to the solu- 
tion of a number of relatively simple integral equations, which he then seeks to solve 
numerically by an iteration method. In this paper we shall show how, for the particular 
cases considered by Ambarzumian, the method which has been developed in the earlier 
papers of this series* can be successfully applied to yield explicit solutions for the angular 
distribution of the reflected radiation. To reduce these solutions to their numerical 
forms, it is necessary only to solve certain algebraic equations‘ for “characteristic roots.” 
The method presented in this paper has, accordingly, an advantage over Ambarzumian’s 
in that, in addition to reducing the necessary numerical work very considerably, it also 
yields simple, closed expressions for the solution in a general mth approximation. 

As we have already indicated, the basic problem is that of the radiative equilibrium 
of a semi-infinite plane-parallel atmosphere exposed to a parallel beam of radiation of 
flux rF per unit area, normal to itself, and incident at an angle 8, normal to the boundary 
of the atmosphere (see Fig. 1 in paper VIII). Moreover, in considering the general prob- 
lem of diffuse reflection, it is necessary that we do not restrict ourselves to the case of 
isotropic scattering but allow for the anisotropy of the scattered radiation in accord- 
ance with a “phase function” p (cos 9). The meaning of this phase function is that 


p (cos) 4 (1) 


' Cf. S. Chandrasekhar, A p. J., 101, 348, 1945; also, C. U. Cesco and J. Sahade (in press). 
2 J. Physics Acad. Sci. U.S.S.R., 8, 64, 1944, and references given in this paper. 


3 See particularly Ap. J., 100, 76, 117, 1944, and 101, 328, 348, 1945. These papers will be referred 
to as “IT,” “III,” “VII,” and “VIII,” respectively. 


‘ The degree of these equations depends on the order of the approximation in which the solutions are 
sought. 
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governs the probability that a pencil of radiation will be scattered in a direction inclined 
at an angle 9 to the incident direction and confined to an element of solid angle dw. On 
these assumptions, the equation of transfer, in a standard notation, is 


dI (7,0,¢) P 
sé eee Seer alt I (7, 8’, ¢’) p (cos 8 cos 3 


+sin 3 sin 8’cos[y — ¢’]) sin 8’dd’dy’ — 1 Fe-*° 8p (—cos 8 cos B 
+sin 3 sin B cos ¢g) , 


(2) 


where it will be noted that we have assumed (as it entails no loss of generality) that the 
radiation xF is incident along the direction = m — B and ¢ = 0. 
In this paper we shall restrict ourselves to the consideration of the following two phase 
functions: 
p (cos@) =A (1+ cos 0) (O<AK1,0< |x| <1), (3) 


where A and x are two constants and 
p (cosO) = ? (1 +cos?@). 


The phase function (4) corresponds, of course, to Rayleigh’s law of scattering. But the 
phase function (3), in addition to introducing an asymmetry in the backward and the 
forward scattering, allows also for the conversion on scattering of the radiant into other 
forms of energy in terms of the ‘‘albedo,”’ \. The study of diffuse reflection with the phase 
function (3) is particularly suitable for the analysis of planetary illumination.’ This is, 
moreover, also the case for which Ambarzumian has obtained some numerical results. 
We shall, accordingly, study this case in some detail. In a later paper we shall outline 
the method for solving the equation of transfer (2) with a general phase function and 
relate our method to Ambarzumian’s. 


I. DIFFUSE REFLECTION IN ACCORDANCE WITH 
THE PHASE FUNCTION A(1 + x cos 9) 


2. The reduction of the equation of transfer.—For a phase function of the form (3), equa- 
tion (2) becomes 


; dI (r, 0, ¢) . ) 
Ee te ae E te v,¢) -—f £* I (7, 8’, o’) [1 + x (cos & cos 3 | 


ts 
+sin # sin ?’cos[y— ¢’]) | sin d’dd'dy’ —— Fe" “8 [1 +4 (—cos d cos B | 9) 
+sin J sin B cos ¢) |. 
The form of equation (5) immediately suggests that we seek a solution in the form 
I (7,8, ¢) =I (7, 8) +1 (7, 8) cose. (6) 


Substituting this form for /(r7, #, ¢g) in equation (5), we find that the equation breaks up 
into two equations for J‘ and J‘, respectively. We have 


dl) _ > Re +1 . . : Re gee 3 Shee ) 
we = TO) pr fl 1 (ru) du pxdu fT (rw!) w'da pO 


dr 
— 1)\Fe-7 8 (1 — xy cos B) 


5 See a forthcoming paper in which the solutions obtained in this paper are used to interpret the known 
data on planetary illumination. 
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and 


d [' 1) - ee ee we A , / pa a , 
pT —gerv(t—p) fT (ru) V An”) dy he 


dt 
—1y\Fe-"°8 sin BV (1 — yp?) , 


where we have written u for cos 3. We shall now show how the two foregoing equations 
for J?) and J can be solved. 

3. The solution of equation (7) in the nth approximation.—As in paper II, we replace 
the integrals which occur on the right-hand side of equation (7) by sums according to 
Gauss’s formula of numerical quadratures and obtain an equivalent system of linear 
equations. In the mth approximation this is 


dq,” (0) (0) (0) 
a ‘I 0 ‘ 
wi HT — yhZa 5 — BxdwZajujlj 
dr (9) 
— 3\Fe-""8 (1—xy,cos8) (G=+1,....,+m), 
where the various symbols have the same meanings as in paper II. 


In solving the system of equations represented by equation (9) we first seek the gen- 
eral solution of the associated homogeneous system 


até. 


ae has T,;—4dSa;1j;—dxdp2ajy;1; (G=+1,....,+n) (10) 
3 


and then add to it a particular integral of the nonhomogeneous system. 
To obtain the different linearly independent solutions of the system (10), we proceed 
as follows: Setting 
I; = g,e—*" G=t1,.... 20 Ge 


in equation (10), where the g;’s and & are constants, unspecified for the present, we obtain 
(1+ wik) gi = 2dDajgit pxduiXajusg;. (12) 
Equation (12) implies that g; must be expressible in the form 


_A+Bu; 

§ 1+ 4;k 

where A and B are two constants independent of i. Substituting equation (13) back into 
equation (12), we find 


(gGa+1,.... , in), (13) 


ee tyy F(A FBes) yy Gini (A tBu) (14 
A +Bu; = 5rz ee + 5xAy iz Fuk : ) 


Since this equation must be valid for all 7’s ,;we must require that 


A =3)\ (AD) +BD)) (15) 


and 
B=3xr(AD,+BDz) (16) 
where we have introduced the quantity 


Da = 2 7p. (17) 
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These D,,’s satisfy the recursion formula (VIII, eq. [52]) 


D,, -_ ! (< Ems odd Dn-) ; 
k\m 


1 1 1 
dD, = k (2 er Do) and Ds» = k dD, = ae (2 — Do) ‘ 


Returning to equations (15) and (16), we can re-write them in the forms 
(2—\rADo) A—-AD,B=0 
xvAD,A + (*4rvAD.—2)B=0. 


in particular, 


and 


In order that A and B do not vanish identically, we must require that 
(2 —ADo) (xAD2— 2) +a Di=0. 
Using the recurrence relation (18), the foregoing equation can be reduced to give 


=r|D ee Di 
or equivalently (cf. eq. [19]) 
2=rA[Dotx(1—A) De]. 


In other words, k must be a root of the equation 


2=nr> 4 aj{1+x(1—)) ui] 


1+ y;k 


or, since a; = a_;, and yw; = — w-j, 





1 aj{[1+x(1—- d) wil 
homed 1 — pik? : 


r= 


This is the characteristic equation for k. Equation (26) is of order n in k’ and for \ # 1° 
admits of 2n distinct nonvanishing roots, which must occur in pairs as 


+k, Ri ias> ps Se 


From equation (20) (or [21]) we now conclude that 


1~)D 
Bot A, (28) 


or, according to equation (23), that 
x (1 — ) 


B= aienen “anki zz. (29) 


Hence (cf. eq. [13]) = 
g,; = constant ahd te ) mi/h G=t+1,....,+). (30) 


Thus the homogeneous system of equations (10) admits the 2 linearly independent 


integrals i 
1x (1—A) wi/Ra is Ane ies (31) 
tt+uko Se eee ‘2s 





I; = constant 


6 We treat the case \ = 1 separately (cf. n. 8, p. 177). 
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The general solution can therefore be written in the form 





nape {> M.{1—x(1—A) wi/ Ra] ahi 





a=l1 1+ pik 
M_.[1+x(1 ) ka| — 
n ae x —X hi / a ie “re 
+2 en e G@=+1,....,+n), 
where Mi. (a = 1,...., ) are 2m constants of integration. 


To complete the solution of the nonhomogeneous system (9), we need a particular 
integral. This can be found in the following manner: 
Setting 
I) = i AFh e—7 #8 (gu ti,....,%) (38) 


in equation (9) (the 4,’s are certain constants unspecified for the present), we verify 
that we must have 


(1 +4; sec B) hj =4dA\Dajh; +3 xdruSajjh;+1— xp; cosBp. (34) 


Equation (34) implies that the constants 4; must be expressible in the form 


y+ui6 ; 
ee SE a Cae 
h; oC ao G@=+1, » tn), ($$) 


where the constants y and 6 have to be determined in accordance with the relation 


y+uid = [2d (yEo+ 6£,) +1] +ui[3xd (y¥Ei+ 6E2:) — x cos B], (36) 


where we have used E,, to denote 








BE => SiH _. (37) 
1 + y; sec B 
From equation (36) we conclude that the equations which determine y and 6 are 
(2 — Eo) y — L156 — 2 = 0 (38) 
and 
xrAEy + (xAE2— 2) 6—2xcosB=0. (39) 
Solving these equations, we find 
1 
ie [1+«(1—)) ui] I 
“.aj;{l1+x«(1—A) pj 
eek >> 1— Bi sec? B 
and 
= —yx(1—A)coss. (41) 


In reducing the solutions for y and 6 to the foregoing forms, use has been made of the 
recursion formula (cf. eq. [18]) 


2 
E,, = cos B (— Em:sodd —En-1), (42) 


which the E,,’s satisfy. 
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The expression (40) for y has a simple representation in terms of the roots &7, . . . 
of the characteristic equation (26) ;’ for, considering the function 


"La;[1+2(1—A) uj 
7 











we observe that it vanishes for 






(a 





Accordingly, 





[] GQ -#52) 7 (2), (45) 





which is a polynomial of degree » in z, cannot differ from 


I] G-# (46) 
a=l 


except by a constant factor. The constant of proportionality can be determined by com- 
paring the coefficients of the highest powers. In this manner we find that 


Il (s — ki?) 


T(s) =(—1) "2... gw? (47) 


T] 232) 
j=1 
















Hence, 


[] = ui sect 8) 
1 (= 1)" 4 aa 


? 





or, somewhat differently, 


(cos* B — yu") 


-— (—1)” 7=1 (49) 


Tete Me on 
[] (1 — & cos? B) 
a=1 





Mies 


In terms of the functions (cf. II, eqs. [58] and [59]) 


P(u) =[[ @-#) (50) 
7=1 
and 
R(u) = [J (hen) , (51) 
a=l1 


7 The analysis which follows is similar to that in paper VIII, following eq. (40). 
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he 





we can express y alternatively in the form 


— 1 P (cos B) P (—cos 8) 
Ye...» #2 R (cos B) R (— cos B) * 




















(52) 





When we return to equations (33) and (35), it is seen that the nonhomogeneous sys- 
tem (9) admits the particular integral (cf. eq. [41]) 


44) 1 — x (1 — A) wi cos B 


I) = iF e—7eeBy (Get, ....5t@y (53) 


























1+ yu; sec B 
45) Adding to this particular integral the general solution of the homogeneous system which 
is bounded for r > ™, we have 
19 =F [ ik ee Kar | 
46) mh (54) 
y[1—«(1—X) up; cos B] e~7 "4 ; | 
- ae Se ee +m), 
com- + 1+ yu; sec B Cutt, =e) 
where the constants M, (a = 1,....,). have to be determined from the boundary 
conditions at 7 = 0. 
At + = 0 we have no incident radiation derived from the material. Accordingly, we 
An should require that 
47) 
I. =0 at r=0 andfor i=1,.... ee (55) 
Hence the equations which determine M, are 
yrMell +2 ( 1) ws/ hel  yL1+% (1 =») mi cos 8) _ 9 (56) 
- 1—ypika 1 — p; sec B A 
48) ae oo? ee 
If we now let G(u) denote 
‘ M,\1 1—)d) u/ka i+x(1—d " 
CW ae subd ) w/ Ral 47 +3 ) » cos 8} (57) 
| — phe 1 — yu sec B 
then 
G (u;) =90 (g¢ai1,.... ,m). (58) 
49) The angular distribution of the part of the reflected radiation corresponding to J‘° 
(cf. eq. [6]) can be found from the source function 
SO = FATa TO +o xrula wT + {Pee (1 — xy cos B) , (59) 
according to the formula 
a _.,dtr 
50) I (O,u) = f/ 3 (7) ere, (60) 
0 Mm 
The quantities on the right-hand side of equation (59) can readily be evaluated in terms 
of the solution (54). We find 
St) I (O,u) = FG (=p). (61) 


This is in agreement with solution (54) for r = 0 and at the points of the Gaussian divi- 
sion, w= Uj. 
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We shall now show how an explicit formula for G(u) can be found without having to 
solve for the constants M,. 
Consider the function 


(1—y sec B)R (u)G(u) = (1—msec 8) T] (1—hen)G(u). (62) 


















This is a polynomial of degree » + 1 in yw which vanishes for uy = wi,i = 1,....,m. 
Consequently, there must exist a proportionality of the form 


(1—yp sec B)R(u)G(u) <P (uw) (utc), (63) 


where c is some constant. The constant of proportionality can be found from a compari- § 
son of the coefficients of the highest powers of uw on either side. On the left hand the 
coefficient of u"*! is 


a. shy (1-0) [So Fe see B+7 cos 8], (64) 


fod «=p? 
while on the right-hand side it is unity. Hence, 


Gig) = (—1)*h, .,.. ae (1—») | 2 $ sec B+ cos 8 | 
a=l1 (65) 

P(u) wte 

R(u) 1—wsec B° 








x 
Now, according to equation (57), 
limit (1—ypsec B)G(u) =y[1+-x(1—\)) cos? B]. (66) 
u — cos B 


Substituting for y and G(u) from equations (52) and (65) in equation (66), we obtain 


P see B) 
os B) 


t 
_ 1+ (1 — A) cos’ B P (cos 8) P (—cos B) 
pe. ee R (cos 8) R (— cos B) , 


n 


(—1)"k,... shy (1 =») [ SOF see 8 +7 008 8] Fs (cos 8B + c) 


* (67) 





or 


(—1)"k, sso bya (1 =X) [ SO see 8 + 008 8 


anal? 


(68) 
_ 1+ (1 — 2) cos? B P (—cos B) 1 
ee R(—cos6) cosB+c° 





In virtue of this relation, equation (65) becomes 


1+ « (1 —A) cos? B P (—cos B) P (u) ute (69) 


Gi) we... pe? R(—cosB)R(u) (cosB+c)(1—y sec B) * 





Equation (69) specifies G(u) completely except for the constant c, which remains to be 
determined. 
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From equations (57) and (69) it follows that 





























ng to 
= 1 + x (1 — A) cos? 8B P (— cos B) Cc 
7 —_ a = {(—1)* . 
G (0) 2M sr aa ) aa =e R(—cos 8) cosB+c (70) 
62 
es On the other hand, since (cf. eq. [57]) 
ie [1+a4(1—-))k-?]M,= limit (1—ky)G(u), “ 
um k-! (71) 
(63) we have 
1+ (1—2)cos?6@P(—cosB) c+ka’ 5 
pari- | Ma ae R(—cos 8) cosB+c = (12) 
1 the where 
P (ka) 
(64) me Ti +a (1—d) R*] (1 — &- sec B)R, (R-) “= 
In equation (73) we have introduced the function R,(u), which is obtained from R(u) by 
omitting the factor (1 — kau) in its product representation. Thus (cf. eq. [51]) 
Ra(u) = [[ (1— hou). (74) 
(65) 6a 
Substituting now for M, and y according to equations (72) and (52) in equation (70), 
we obtain, after some minor reductions, the following equation, which, as we shall see, 
determines c: 
n _S “8 1 P (cos B) 
(66) J &| (— 1)" a 21 ™ — TE (T=) cost (cos BY ia 
7 
; a LE thas, cos B P (cos B) 
" * Tx (1 —) cos® B R (cos B) 
In order that we may use equation (75) to obtain an explicit formula for c, we have to 
sum the two series 
(67) . cx m 
dS m and  , (76) 
a=1 Pe Ra 
Considering first Ym., we have to evaluate 
n > = 
Ss = a 5 Ey ay ee, ae (77) 
(68) fot [1 +4 (1 — dr) R-*] (1 — R—! sec B) R, (R-) 
We re-write this in the form 
: , P (ka) 
b. sai — 0088 2 F5 ai—» - I (1—k, cos 8) R, (k-) 
(69) < ee (Ke') Rea (cos 8) __ (78) 
R (cos B) =¢ [1 +x (1— 2) k-?]R (Ro) 
ae = an f (cos B) 





~ R (cos B) 
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where 


->, kaP (ka') Re (z) 


(79) 





am (1 +4 (1—2) "a, te) * 


As defined in the foregoing equation, f(z) is a polynomial of degree 1 — 1 in 3 which 
assumes for z = kz! the values 





k 
a" : a aie as , 
SO) = eG) Ht. (80) 
Hence, 7 
z[1+4«(1—A) 27] f(z) —P(2) (81) 
is a polynomial of degree x + 2 in z which vanishes for z = ky! (a = 1,...., ”). There 
must, accordingly, be a relation of the form 
z{l1ta(1—A) 2] f(s) =P(s) +R(s) (E22 +n24+0), (82) 


where &, n, and ¢ are certain constants. These constants can be found in the following 
manner: 
First putting z = 0 in equation (82), we conclude that 





c= Coe ee eee ae (83) 
Next, comparing the coefficients of 2"*? on either side of equation (82), we have 
P(k,’) 
— (—1)*hy....kyx (1 — 
SEER 1 ES » a (—d) EIR) (84) 


| 
= C= DP Ry «0 et ’ . 

or 

Bi P (ka) 

wm [1 $e (1—A) eR (RE) 





é=-—x(1-—)) (85) 


And, finally, equating the coefficients of s"*' on both sides of equation (82), we have 


pe .1 P(k.') 
(—1)"-2x (1 Sree @> SJ FRNA ). 








| 
| 
(39 
| 





a. Pthe) ]= (<p Sp) 
ame k [1 +x (1 —d) k- 2) (R-') ( 1) ee 7 E 
er ae pat 
Substituting for from equation (85) in the foregoing equation, we find 
ane 
n= —x(1—2) 2 nth (87) 


amy k [1 +x (1—2) k-2]R (1) * 


Returning to equation (78), we now have, according to equations (82) and (83), 





a=l 


S* mn os 1 ome. 
“~~ 1+ (1 — X) cos? B LR (cos B) | (88) 


+ & cos? B +7 cosB+ (—1)"tn, 




















8 4) 


3 6) 
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With this expression for 2m,, the terms in the square brackets on the left-hand side of 
equation (75) can be reduced to 








fas cos B 
—x(1 Mis01—w coat (Poe A re), (89) 
where 
_— P(ka') farre , 
e= Teeny ERED Tt 1) Miesees Mn (90) 
and 


P(ka') 


= ETT Fen) AIRED sige 





are two constants, depending only on the characteristic roots ka. 
Considering next the summation 2m,/k. which occurs on the right-hand side of equa- 
tion (75), we have to evaluate (cf. eq. [73]) 





a 


". Me nN P(k.') 
fc D) 
y2 ha ET +x(1—A) k-7] (1 ~ &* 08 B)R, (Ro) : ‘oa 


We re-write this in the form (cf. eq. [78] ) 


n 
Ma cos 





amt Be = — R (cos B) g (cos B) 9 (93) 
where 
1% P(ka')Ra (2) ; 
HIIRM p> [1 +x (1—2) k]R, (R-) tis 


isa polynomial of degree (nm — 1) in z. It is seen that 


P (ka) 





—l\ — pins 
gy sees ae (95) 
Hence, 

[1+2%(1—A) 27] g(2) —P(2z) (96) 
isa polynomial of degree x + 1 in z which vanishes for z = ky' (a = 1,....,”). We 
conclude that 

[1+4"(1—)) 27] g(s) =P(z) +R(2)(az+6), (97) 


where a and b are constants. To determine them, we first set 3 = 0 in equation (97) and 
find (cf. eq. [90]) 





a P (ka ") + (—1)"*t"p,...-mn=p- (98) 
fot [1+2(1—)) h-*} 8. (8) . 


Next, comparing the coefficients of the highest powers of z on either side of equation 
(97), we find (cf. eq. [91]) 

/ . P (ka) 
a= —vx(l ) ETFs = WIRED = 


—x(1—A)oa. (99) 
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We have thus shown that 
[1+4(1—A) 27] g(s) =P(s) —R(z)[x(1—A) oz—p]. (100) 
Hence (cf. eq. [93]), 





a Ma cos B Ee (cos B) 


og R (cos B) _ 


Me as 
mt ka Sd (1 —d) cos? B x(1—2) ¢cosB+p]. (101) 


Combining equations (75), (89), and (101), we now obtain 


cos B 











weet aoe ee (102) 
_ cos B[x (1 — A) o cos B — p] 
7, 1+x(1—A)cos* Bp’ 
or 
sans x(1—2X) aocosB—p (103) 


~ ¥(1—A)(p cosB +a) ’ 
which is our formula for c. With ¢ given by equation (103) we readily verify that 


1+ (1—)X) cos? B 


efi ee (0): 
x(1—2)(p cosB +c) i 


cos B-+c =p 





and 
1++*(1—A) cos’? B 
cos B +¢ 





(u+c) | 


== [x (12) (p cos B+) w= (1-2) 6 005 8 +0) > (105) 


== [p—x(1—2) fo (cos Bx) ~ pu cos 8}. | 


Accordingly, equation (69) becomes 


ies 1 P(—cos B)P(u) p—x(1—)[oa(cos B — pn) — py cos B] 
MN Be. wep R(— cos B)R(u) 1—4y sec B 








_ (106) 


which is our formula for G(z). 
The angular distribution of the reflected radiation corresponding to the part J‘) is 


given by (cf. eq. [61]) 
I (0,4) = +AFG(—y). (107) 


With G(u) given by equation (106) we can express J‘ (0, w) in the form 





cos B 
(0) Pe | * FJ (0) (0) (¢ a 
I (0,n) =1\FH® (nu) H (cos 8) 5 o> | 


(108) 
x [1—-2#(1—A) {= (cos 8 +m) +y cos B}], | 


where we have introduced the function H(u) defined by 


(3° P(—yp) 
.% 0 
Pi eee bn R® (— pw) : (1 9) 


H® (yn) = 





















00) 


01) 


02) 


)3) 
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In equation (109) we have added a superscript “0” to R to emphasize the fact that this 
function is defined 1 in terms of the characteristic roots appropriate to the system of equa- 
tions governing J! 

For \ = 1 the solution (108) for the angular distribution reduces to 


cos B 
cosB +’ 


and it may be readily verified that this is zdentical with the solution found in paper VIII 
for the reflection effect in eclipsing binaries.® 

4. The solution of a general type of integrodifferential equation of which equation (8) is a 
special case.—Equation (8) is typical of a large class of equations which occurs in this 
theory. It is of the general type 


= 
pata eb (u) fo Tr, wu) da! Ber Y (008 B)Y (uw), (111) 
where ¢ is a constant and y(y) is a polynomial of degree 2m in u. It will therefore be 
convenient to have the solution of this general equation appropriate to the conditions 
of our problem. 

Since ¥*(u) is rational, it suggests that we express /(7, uw) in the form 


I (0,4) =} FH (uw) H (cos B) (110) 


I(r, 4) =¢(7,u)¥ (u) (1117) 
and obtain for ¢ the equation 
wea d—ef or, w Vu") du’—cFe-™"AY (cosB). (112) 


To solve equation (112) in the nth approximation, we replace it by the system of 2n 
linear equations 
dg; 
Liz—-=¢9 
drt 
where ¢; denotes $(7, u;) and the rest of the symbols have their usual meanings. In this 


connection, it should be noted that, in order that we may be consistent in our scheme of 
approximation, it is necessary that the order of the approximation 


n>m, (114) 


where it may be recalled that 2m is the degree of the polynomial ¥(y). 
Considering first the homogeneous system 


dé, 
Bi y - 


Daj? (uj) oj —eF e—7 Fy (cos B) (G=+1,...., +m), (113) 


= o; — eda,’ (u;) $; (¢=zti,...., +0), (115) 


® Tt should, however, be pointed out in this equation that for \ = 1 the characteristic equation allows 
only n — 1 distinct nonvanishing roots for k?. (In fact, the characteristic equation [26] reduces to the one 
considered in paper II independently of x for \ = 1.) Accordingly, in this case there exist only (2n — 2) 
independent integrals of the form 
constant _ Se ht EE 
I; = erkar ' 
i+ phe (; ME 


for the homogeneous system (10). On the other hand, when A = 1, equation (10) admits the further 
integral. 





ll 


h=b(r+74, zu +0) G@= +1,...., £0) 


with two arbitrary constants b and Q. Nevertheless, it can be shown that the procedure of formally put- 
ting \ = 1 in eq. (108) actually leads to the correct solution. 
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associated with equation (113), we readily verify that it admits 2n linearly independent 


integrals of the form 
4; = Constant athe ‘es 











al 1+y;Ra q= 1, eee 
where +k., (a = 1,...., ) are 2n distinct® nonvanishing roots of the characteristic 
equation 
sah? (u5) 
1=2 : . 11 
2 1 — 2k? (117) 


To find a particular integral of the nonhomogeneous equation (113), we set 


¢o; =eFy (cos B) h;e-7 8 (ga ti,...., t+), (118) 


where the /,’s are constants unspecified for the present. Inserting this form for 9; in 
equation (113), we find that 


h; (1 +p; sec B) =eXa;hy* (u;) +1. (119) 


The constants 4; must therefore be expressible in the form 











i / 
ila et ) 
h; eee t (120) 
the constant y in turn being determined by the condition 
= ey i Hs) _ 2 
i f “Y" T+; sec B ’ (121) 
or 
1 
y= —. 
= 2 . oy) 
1-2 > aw (uj) (122) 


= 1 — pi sec? B 
By arguments similar to those adopted in the reduction of analogous equations (VIII, 
eq. [40] and eq. [40] in the preceding section) it can be shown that the formula for y can 
be reduced to the form 
2 1 P (cos 8) P( — cos B) 
Yu? .... wR (cos B)R ( —cos B) ’ (123) 





where it should be noted that 
R(u) = [] (1 — ben) (124) 
a=l1 


has to be evaluated in terms of the characteristic roots of the system under consideration. 


9 An exceptional case may arise if 
. 1 
> ava) = Fe 
j=l 


when &? = 0 will be a root of the characteristic equation. However, this is not likely to happen in prac- 
. tice. And, even if it does, it can be shown that our final solution (141) for the angular distribution of the 
emergent radiation will continue to be valid. 
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When we return to equations (118) and (120), it is seen that equation (113) admits 
the particular integral 
eyF'y (cos B) 
1 +4; sec B 


Adding to this particular integral the general solution of the homogeneous system (115) 
which is compatible with the boundedness of the solution for 7— © , we have 


: M.e yee BR in 
o; =p ¥ (cos 8) | + (¢ut+1,...., +), (126) 


¢; = e~7secB (@au+1,....,t8). (125) 





where the M,’s (a = 1,...., ) are n constants of integration, to be determined from 
the boundary conditions at r = 0, namely, that here 
o-; =0 (Gm d, occe 5 MPS (127) 


In terms of the function 


; o y 
103 a ae (128) 


the boundary conditions are 


G(u;) =0 (G=1,....,m). (129) 


The angular distribution of the emergent radiation can also be expressed in terms of 
G(u), for (cf. eqs. [111] and [126]) 


I (0,4) =F (cos 8) ¥ (u)G(—yu). (130) 


We shall now show how an explicit formula for G(u) can be found without having to 
solve for the constants M,. 
When we consider the function 


(1—yp sec B)R(u)G(p) , (131) 


it is seen that it is a polynomial of degree » in uw which vanishes for w = yw; (7 = 1, 

, 2). It cannot therefore differ from P(u) except by a constant factor, and the con- 
stant factor can be found from a comparison of the coefficients of the highest power of u. 
In this manner we find that 


G(u) = (—1) hr... Re ‘> sec 8 +7] e°5 ert (132) 





a=l1 

On the other hand, since (cf. eq. [128]) 
limit — 
= 3 c0s p OE H SC BG (u) , (133) 

we have, according to equations (123) and (132), 
1 P (—cos 8) P (cos B) | 
5 5 = (—1)"k,.... 

ui...» mw? R(—cos B)R (cos 8) ( fins » [D3 ae Boy (134) 


P (cos B) 


R (cos B) ° 
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In other words, 


1 P(—cos B) 








"~M. 
—1)"k,.... — - . 135 
(—1)"hs | > 1 Ra “sec B+] =- Be -o e+? R (— cos B) (se 
In virtue of this relation, equation (132) becomes 
G(u) = 1 P (uw) P( —cos B) ne 1 
tied ~ we... w?R(u)R(—cos B) 1— p sec B’ (136) 


Consequently, the formula giving the angular distribution of the reflected radiation can 
be expressed in the form (cf. eq. [130]) 
1 (0, w) =eFY (cos B) ¥ (u) H (u) H (cos 8) ae (137) 
where (cf. eq. [109]) 
H (un) ee ai P(—4) 
a, » in R(— yp) * 


5. The solution of equation (8) in the nth approximation.—To apply the results of the 
preceding section to the solution of equation (8), we have only to set 


e= fxr and y?(u4) =1—yp?. (139) 


(138) 


Moreover, according to equation (114), solutions must be sought in approximations 
higher than the first. 
The characteristic equation is (cf. eq. [117]) 





"a; (1—p}) aagee 
apn (140) 
te 


and the angular distribution of the reflected radiation corresponding to the part J“ of J 
is given by 


I) (0,4) =4x)F sin d sin BH™ (uw) H™ (cos §) — a. (141) 


In equation (141) we have added a superscript ‘‘1”’ to H to emphasize the fact that the 
R(y) occurring in the definition of 1 (u) (cf. eq. [138]) has to be evaluated in terms of the 
roots of the characteristic equation (149). 

6. Angular distribution of the reflected radiation: numerical results—Combining the 
results of the preceding sections, we can express the angular distribution of the reflected 
radiation in the form (cf. eqs. [90], [91], [108], and [141]) 


T(0,u) = fAF] A (uw) HO (’) l—z(i- (2 (uty’) tum )} 
: p ,,| (142) 
7 | 





+x(1—p?)$?(1—p”)? HM (uw) H™ (w’) cos es 


where we have written yw’ for cos 8. For specified values of x and \ the solution becomes 





determinate in terms of the positive nonvanishing roots ki” and k (a = 1, , n) 
of the characteristic equations 
1—A) uj 


1 =e 














the 


the 


ed 


les 


n) 
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and 








n -(1 = - 
fuga SoS 144 
« pa 1 — pik? ? ( ) 


respectively. In particular, the functions H“”(u) (i = 0 and 1) have the representation 
[] @t+z) 
: it 
H (wu) = (¢=0,1). (145) 
ry a 
[] = 4%) 
a=l1 
For the purposes of the practical evaluation of the roots k{ and &{” it is convenient 


to transform equations (143) and (144) in the following manner (cf. VII, p. 336, n. 6): 
Letting 











n 2 2m n 2, 2m 
o) — Sr aill +e (1 —d) wi] as” ay 2 Shai = 4) i 
AL? = >” te and = AS) ma te (146) 


7=1 7 


we readily establish the recursion formulae 





he Se pekioed. 1 (m<2n) (147) 





k? m— 1 2m+1 
and 
nt io)  @ < Wah 
Aom _— BR? Aom—2 4m?—1 (m 2n) ; (148) 
these, together with the relations 
1 2 
AY) = x and A= rt (149) 


determine the A’s very simply. And in terms of these A’s the characteristic equations 
are expressible in the form 


> A2) Pom = 0, (150) 


m=0 


where the pom’s are the coefficients of yu?" in the Legendre polynomial Pon(u). It will be 
noticed that, in contrast to equations (143) and (144), equation (150) does not require 
an explicit knowledge of the Gaussian weights and divisions. 

In Tables 1 through 8 the functions H(u) and H‘(y) are tabulated for various 
values of the parameters which enter into them. Certain other auxiliary quantities, such 
as the characteristic roots, are also tabulated. Except for the case x = 0, all the quan- 
tities tabulated are those in the second approximation. However, for the case x = 0, 
the solutions have also been found in the third approximation. It would appear, from an 
inspection particularly of Table 4, that the solutions in the second approximation pro- 
vide an accuracy of 1-2 per cent over the entire range of the variables. 

A comparison of our results with Ambarzumian’s tabulation for the case « = 1 indi- 
cates that his method of solving his integral equations leads to errors which exceed 5 per 
cent over certain ranges of the variables. 











S. CHANDRASEKHAR 


TABLE 1 
THE CHARACTERISTIC ROOTS Rf) AND R{0) AND (1—A)o/p FOR VARIOUS VALUES OF x AND \ 





| | 
x=1.0 x=0.5 | x=-0.5 | x=-1.0 
| Rf | ef (1—ryo/o} &O) | 269) [(1—r)o/p| &(O) | 460) (1-r)o/o| 2(0) 


‘ a 


£0) | (1—r)e/p 





meneame 


0571) 0.1079 





0561 | 0.5987 
1491, 1285 | 0.7987, 2.1525) 1238 
2481 | 0.9215} 2.2545| 1246 


k 
0543) 0.1259 | 0.5633 2 
2 
2 
3503 0029) 2.3595 1175 
2 
2 
2 
2 
2 


1426 1402 | 0.7567 


— 


| 0.4401 2.0534) 0.1348 | 0.4847 2 
| 0.6114 2.1394 1477 | 0.6637) 2 | 
| 0.7346, 2.2299 1438 | 0.7864 2.2358 1380 | 0.8794 
| 0.8313) 2.3243 1318 | 0.8785 2.3327 1277 | 0.9640 
| 0.9103) 2.4219 1153 | 0.9507| 2.4322) 1124 | 1.0246) 2.4535 7 0585| 2.4645, 1053 

2 5559 | 1.0970| 2.5675 

2 6564 7 1237| 2.6672 

2 7544 | 1.1420) 2.7629 

2 8494 0.0253 | 1.1540) 2.8543 


| 0.9765) 2.5223 0956 | 1.0090) 2.5333 0938 | 1.0691 

| 1.0328) 2.6249 0738 | 1.0570 6352 0728 | 1.1023 

1.0815) 2.7291 0503 | 1.0972 7375 0499 | 1.1275 

| 1.1239) 2.8347) 0.0256 | 1.1315 8396) 0.0256 | 1.1466 
! 


= Nw SOA ~“7000 
NRWNHRKKRHNHHRNK 





TABLE 2 


THE FUNCTION H((yu) FOR VARIOUS VALUES OF \ AND FOR 
x=1.0 IN THE SECOND APPROXIMATION 


> 
M 
© 

ang 


A=0.8 | 7 | A=0.5 








= 


.000 | 
121 


So 
= 
th 





1 
1 
1 
1 
ie 
I. 
1 
1 
1 
1 
1 


eae | 


1 
1 
1 
1 
Fee 
1. 4 
1 
1 
1 
1 
1 


. Cad ¢ s 























| 
| 





TABLE 3 
THE FUNCTION H®)(yx) FOR VARIOUS VALUES OF X AND FOR 
x=0.5 IN THE SECOND APPROXIMATION 





= : 
A=0.7 | ; | A=0.3 h=0.2 








1.000 
1.034 
1.058 
1.076 
1.091 
1.102 
1.112 
1.120 
1.127 
1.133 
1.139 


.000 | 
094 | 
. 168 
.229 
.280 | 
325 
.361 | 
394 


il aeel aeell eele 
ell eel eel oll el ed 
eet et ek et ee ee 



































DX 





—A)o/p 
). 1079 
1238 
1246 
1175 
1053 
0892 
0702 
0487 
).0253 
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TABLE 4 


THE FUNCTION H)(x) IN THE SECOND AND THIRD APPROXIMATIONS 
FOR VARIOUS VALUES OF \ AND FOR x=0.0* 


































































A=0.95 A=0.9 A=0.8 A=0.7 A=0.6 
| 
m | Second | Third | Second | Third | Second | Third | Second | Third | Second | Third 
Ap- Ap- | Ap- Ap- Ap- Ap- | Ap- Ap- Ap- Ap- 
proxi- proxi- | proxi- proxi- proxi- proxi- | proxi- proxi- proxi- proxi- 
mation | mation | mation | mation | mation | mation mation | mation | mation | mation 
Be as Se vbr 1.000 | 1.000 1.000 1.000 | 1.000 | 1.000 | 1.000 1.000 | 1.000 | 1.000 
| re 1.158 | 1.171 | 1.138 | 1.150 | 1.110 | 1.120 | 1.089 | 1.097 | 1.072 | 1.078 
G2. 1.297 | 1.314 | 1.255 | 1.270 | 3.399 5; 208 1.158 | 1.168 | 1.125 | 1.133 
os, Riera ene 1.421 | 1.439 | 1.356 1.373 | 1.272 | 1.285 | 1.214 | 1.224 | 1.168 | 1.176 
Se ee | 1.533 1.552 | 1.445 | 1.462 | 1.335 | 1.348 | 1.260 | 1.270 | 1.202 | 1.210 
ee .| 1.636 | 1.655 | 1.525 | 1.541 | 1.389 | 1.401 | 1.299 1.309 | 1.231 | 1.242 
0.6 | 1.731 | 1.749 | 1.597 | 1.612 | 1.437 | 1.448 | 1.333 | 1.342 | 1.256 | 1.269 
A See .| 1.819 | 1.836 | 1.662 | 1.677 | 1.479 | 1.490 | 1.362 1.371 | 1.277 | 1.292 
0.8... 1.901 1.918 | 1.722 | 1.736 | 1.517 | 1.527 | 1.388 | 1.396 | 1.295 | 1.312 
RA | 1.978 | 1.994 | 1.777 | 1.790 | 1.551 1.560 | 1.412 | 1.419 | 1.311 | 1.329 
7) Se | 2.050 2.065 | 1.828 | 1.840 Bees 1.591 | 1.432 | 1.439 | 1.326 1.345 
| | | 
A=0.5 A=0.4 A=0.3 A=0.2 A=0.1 
m | Second | Third | Second | Third | Second Third | Second | Third | Second | Third 
| Ap- Ap- Ap- Ap- Ap- | Ap- Ap- Ap- Ap- Ap- 
proxi- proxi- proxi- proxi- proxi- proxi- proxi- | proxi- | proxi- proxi- 
| mation | mation mation | mation | mation | mation | mation mation | mation | mation 
hi. .| 1.000 | 1.000 | 1.000 | 1.000 | 4 1.000 1.000 | 1.000 | 1.000 | 1.000 
EY Ree eae | 1.056 | 1.062 | 1.043 | 1.047 | 1.031 | 1.034 | 1.020 | 1.022 | 1.009 | 1.010 
SSRs oe | 1.098 | 1.104 | 1.074 | 1.079 | 1.052 | 1.056 | 1.033 | 1.036 | 1.016 | 1.017 
Re od eek | 1.130 | 1.136 | 1.097 | 1.102 | 1.069 | 1.072 | 1.043 | 1.045 | 1.021 | 1.022 
a | 1.155 | 1.161 | 1.116 | 1.120 | 1.081 | 1.084 | 1.051 | 1.053 | 1.024 | 1.025 
Oe... _.| 1.176 | 1.182 | 1.131 | 1.135 | 1.092 | 1.094 | 1.057 | 1.059 | 1.027 | 1.028 
LS a | 1.194 | 1.199 | 1.143 | 1.147 | 1.100 | 1.103 | 1.062 | 1.064 | 1.029 | 1.030 
<1 Seo | 1.209 | 1.214 | 1.154 | 1.157 | 1.107 | 1.110 | 1.067 | 1.068 | 1.031 | 1.032 
0.8... | 1.222 1.227 | 1.163 | 1.166 | 1.113 | 1.115 | 1.070 | 1.072 | 1.033 | 1.034 
Se tee | 1.234 | 1.238 | 1.171 | 1.174 | 1.119 | 1.121 | 1.074 | 1.075 | 1.034 | 1.035 
LG... ..| 1.244 loka 1.178 | 1.181 | 1.123 | 1.125 | 1.076 | 1.078 | 1.036 | 1.036 
| | 














* The characteristic roots for this case are those which have been tabulated in a different connection by C. U. Cesco, S. Chan- 
drasekhar, and J. Sahade (A p. J., 100, 355, 1944; esp. p. 358, Table 1). However, it should be noted that A, as used in the present 
paper, is 1 — A, as used in the paper just quoted. 
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TABLE 5 


THE FUNCTION H((u) FOR VARIOUS VALUES OF \ AND FOR 
x=—0.5 IN THE SECOND APPROXIMATION 





| | 
A=0.8 | 7 | A=0.6 | A=0.5 


.000 
052 
0980 
.118 





1.000 | 
.105 
.189 
.258 
.316 
. 366 
.409 
447 
.482 
512 
.540 





ee et et et et ee 

















| 
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TABLE 6 


THE FUNCTION H)(u) FOR VARIOUS VALUES OF \ AND FOR 
x=-—1.0 IN THE SECOND APPROXIMATION 





Ml 


A= 0.6 | 





.000 | 
.062 | 
.107 

. 142 | 
170 | 
.193 | 
2421 


1 1 
1 1 
i 1 
1 1 
1 1 
1 1 
1 1 
1 il 
1 i. 
1 L: 
1 I: 


| 
| 


TABLE 7 


THE CHARACTERISTIC Roots &{) AND &{!) FOR VARIOUS VALUES OF x 


eae a ; || 
1] # | a 3 ? 4 | ei) | . 


} ; — $ 
| p(t) | 4 





| 1.1212} 2.4875|| 0.5 | .7222|| —0.1 | 1.1638} 2.9835|| —0.¢ 6] 
| 1.1270| 2.5357|| 0.4 | 1.1491] 2.767 || —0.2 | 1.1661) 3.0251]| —0.7 | 
| 1.1323) 2.5833, 0.3 | 1.1525] 2.8116] —0.3 | 1.1683) 3.0662|| —0.8 
| 2.6302)| 0.2 | 1.1556] 2.8554 4 | 1.1704} 3.1068) 
2.6765 1585] 2. 5 | 1.1723 cai 








if 
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TABLE 8 
THE FUNCTION H()(u) FOR VARIOUS VALUES OF x\ IN THE SECOND APPROXIMATION 
















































































a mn zd=1.0| xA=0.9 | xd=0.8| xA=0.7| cA=0.6| xA=0.5 | cA=0.4| 2A=0.3 | xA=0.2/ 2A=0.1 
aa ec. siciet oie 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 
1.000 rene = 1.040 | 1.035 | 1.031 | 1.027 | 1.023 | 1.019 | 1.015 | 1.011 | 1.007 | 1.003 
1.008 ee  . cecctauans 1.067 | 1.060 | 1.052 | 1.045 | 1.038 | 1.031 | 1.024 | 1.018 | 1.012 | 1.006 
014 OS ara Sc 1.088 | 1.077 | 1.067 | 1.058 | 1.049 | 1.040 | 1.031 | 1.023 | 1.015 | 1.007 
018 ee cass wapaotes 1.103 | 1.091 | 1.079 | 1.068 | 1.057 | 1.046 | 1.036 | 1.027 | 1.018 | 1.009 
021 ees. «sighs sonaaeeen 1.115 | 1.101 | 1.088 | 1.075 | 1.063 | 1.052 | 1.040 | 1.030 | 1.019 | 1.009 
024 es 1.125 | 1.110 | 1.095 | 1.082 | 1.068 | 1.056 | 1.044 | 1.032 | 1.021 | 1.010 
026 le renee: 1.133 | 1.117 | 1.102 | 1.087 | 1.073 | 1.059 | 1.046 | 1.034 | 1.022 | 1.011 
027 tee 1.140 | 1.123 | 1.107 | 1.091 | 1.076 1.062 | 1.049 | 1.036 | 1.023 | 1.011 
“020 ee ko cae 1.146 | 1.128 | 1.111 | 1.095 | 1.079 1.064 | 1.050 } 1.037 | 1.024 | 1.012 
030 A eee 1.151 | 1.133 | 1.115 | 1.098 | 1.082 | 1 667 | 1.052 | 1.038 | 1.025 | 1.012 
031 Saal a 
- | 
es jm x= xch= x= xh= x= x= x= xh= xrh= xh= 
~o: | -a2 | —as | -e0 | -e8 | ~008 | -er | =60:) —08.0 ae 
0..............| 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 
Ls FER cre A 0.997 | 0.993 | 0.990 | 0.987 | 0.983 | 0.980 | 0.977 | 0.974 | 0.971 | 0.968 
Rene) 3 ore on aoe 0.994 | 0.989 | 0.983 | 0.978 | 0.973 | 0.968 | 0.963 | 0.958 | 0.954 | 0.949 
ok Se ee 0.993 | 0.985 | 0.979 | 0.972 | 0.966 | 0.960 | 0.954 | 0.948 | 0.942 | 0,936 
ae Lt. eer 0.992 | 0.984 | 0.976 | 0.968 | 0.961 | 0.954 | 0.947 | 0.940 | 0.933 | 0.927 
i OE er 0.991 | 0.982 | 0.973 | 0.965 | 0.957 | 0.949 | 0.941 | 0.934 | 0.927 | 0.920 
=0.1 RA a 0.990 | 0.980 | 0.971 | 0.962 | 0.954 | 0.945 | 0.937 | 0.929 | 0.921 | 0.914 
i |g Sree 0.989 | 0.979 | 0.970 | 0.960 | 0.951 | 0.942 | 0.934 | 0.925 | 0.917 | 0.909 
000 See | 0.989 | 0.978 | 0.968 | 0.958 | 0.949 | 0.940 | 0.931 | 0.922 | 0.914 | 0.906 
007 0 ROR ALS eee | 0.989 | 0.978 | 0.967 | 0.957 | 0.947 | 0.938 | 0.928 | 0.920 | 0.911 | 0.903 
012 TO coe: cere wats | 0.988 | 0.977 | 0.966 | 0.956 | 0.946 | 0.936 | 0.926 | 0.917 | 0.908 | 0.900 
016 | | ame x 
018 
020 
022 
cn II. DIFFUSE REFLECTION IN ACCORDANCE WITH RAYLEIGH’S PHASE FUNCTION 
on 7. The reduction of the equation of transfer —For Rayleigh’s form of the phase function 
the equation of transfer appropriate for the problem of diffuse reflection is (cf. eq. [2]) 
dI(r, 0, 3 i as . ‘ 
cos 8 Skee a ee f I (7, 8’, v’) [1+cos? & cos? 8’ ) 
dr 1697 Jo So i 
+3 sin? 3 sin? 3’ +2 cos 3 sin 3 cos J’ sin 3’ cos (yg — g’) 
—— eee , as 151 
(1) 1 sin? J sin? 8’ cos 2(g—¢’) | sin 8’dd'dy’ — 4 Fe—7e8 f ( ) 
1866 X [1+ cos? & cos? B + § sin? J sin? B — 2 sin # cos 3 sin B cos B cos ¢ 
2259 es 
2646 + 3 sin? 3 sin? B cos 2¢]. 
3030 
3409 


The form of equation (151) suggests that we seek a solution in the form 





I (7,8, ¢) =I (7, 3) +I™ (7, 3) cos gp +I (7, 3) cos 2¢. (152) 
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Inserting the foregoing form for (7, 3, g) in equation (151), we find that it breaks up 
into three equations, one for each of the functions J‘, J, and J®), These are 


d I) 3 +1 
i | eel (0) 15 i Oh ae? 
M = I LS I (7, (3 —p”) du 


+1 

+a f FO (7, w’) (37 — 1) du’| — fF e—7e* | (3 — cos? 8) 
-1 

+? (3 cos? B—1)], 





dI() ' 2 i ee 19 ’ 
uM =19 tuys f I) (7, pu’) a’ (1p?) tdp 
=e 7 (154) 


3F sin B cos Be-7e8y (1 —p?)? , 
and 


d[() 


+1 

va =10— 8a) f I) (7, py!) (1 —p?) dy! \ 

é > (155) 
— $;F sin? Be-7*e8 (1 — yp?) . f 


8. The solution of equations (153), (154), and (155) in the nth approximation.—Con- 
sidering equation (153) first, the equivalent system of linear equations in the wth ap- 
proximation is 


(0) 
dl; (0) m 2, 7(0) a 2 (0) 
ai? eid a °s [Za;(3 — ps5) I; + pita; (3y;— 1) 7; 


— gy F e—1 6 [ (3 — cos? B) +? (3 cos? 8 — 1) | (¢G=+1,....,+0), 


! (156) 


where the various symbols have their usual meanings. 

It is seen that the homogeneous system associated with equation (156) is the same as 
that considered in paper III, §§ 3-5. Accordingly, the complementary function of 
equation (156) is the same as the general solution (III, eq. [36]) of the homogeneous sys- 
tem. Accordingly, to complete the solution we need only find a particular integral. This 
can be found in the following manner: 

Setting 

I) = S Fh, e—* 8 (G=ti,....,4+%) (158 


in equation (156) (the /;’s are certain constants unspecified for the present), we verify 
that we must have 


h: (1+; sec B) = [4% 2a;h;(3 —pj) +3 —cos’ B] \ (158) 
a 
+ ui ls 2ajh; (3n;— 1) +3 cos’ B—-1]. 


The foregoing equation implies that the constants /; must be expressible in the form 


5 — iy , 
= =+ «eh ae ’ 159 
h; Te eas G=+1, +n), ( ) 


where the constants y and 6 have to be determined in accordance with the relation 
6 —miy = {4% [6 (3) —E:) — y (3E2—E,)] +3 —cos’ B} | 


(160) 
deplt dp 14 QR) ~9 18k - Ral +3 e- t 





ha 
ec 
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and where the £’s have the same meaning as in equation (37). From equation (160) we 
conclude that the equations which determine y and 6 are 


6 = 35 [6 (3A) —Ex) — y (3E2 —E;) ] +3 — cos? B (161) 
and 


y= 1s [y (3E,—E2) — 5 (3E: — Eo) | — (3 cos? B— 1). (162) 


Solving these equations, we find that 
1 


a;(3— (163) 
tees 1 — Bi; sec? Me 


$= 37. (164) 


In reducing the solutions for y and 6 to the foregoing forms, repeated use has been made 
of the recursion formula (42) which the £’s satisfy. 
It is seen that the formula (163) for y bears the same relation to the characteristic 


equation (III, eq. [30]) 





y= 


and 


a; 14 (3 — p13) P 
eg Tak? (165) 
as the y defined in paper VIII, equation (40), bears to the corresponding characteristic 
equation (10) of the same paper. We can, accordingly, express y in the form (cf. eqs. 
(52] and [123]) 
= 1 P (cos B)P ( —cos B) 
a 2... mw? R (cos 8) R( —cos B) ' 





(166) 


where 


e-} 
= | (1 — Rap) (167) 
a=l 


has naturally to be evaluated in terms of the (7 — 1) nonvanishing positive roots of the 


equation (165). 
Returning to equation (157), we now express the particular integral in the form 


1 = gyFe- ry (i=4+1,...., 4m). (168) 


Adding to this particular integral the general solution of the homogeneous system which 
is compatible with the boundedness of the solution for 7 — ©, we have 


CG). a ina Mi —r sec 
* AF (3 Se ttt sec B ° ‘| + oe 
(Gut+i,....,+%), 


where the constants M, (a = 1,....,#— 1) and X have to be determined from the 


boundary conditions at r = 0. 


At + = 0 we must require that 
I =  oowe  @,e @O). 1178) 
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In terms of the function 


nw Ma ; , pa 
G (u) = (3 ~ gs*) ent aat 2+ O-e garters (171) 


the boundary conditions are 


G(u;) =9 (jmi,....,%). (19R 


The angular distribution of the reflected radiation corresponding to the part J of J 
(cf. eq. [152]) is also expressible in terms of G(u). We have 


I (Ou) = sFG(—m). (173) 


As in the earlier cases, we shall now show how an explicit formula for G(u) can be 
found without having the necessity to solve for the constants M, and X. 
Consider the function 


n—1 
(1—p sec B)R(u)G(u) = (1 —yw sec B) (1—kap)G(u). (174) 
a=l1 


This is a polynomial of degree n + 1 in » which vanishes for w= wi,i = 1,....,m 
Consequently, there must exist a proportionality of the form 


(1—yp sec B)R(u)G(u) <P (uw) (ute), (175) 


where c is some constant. The constant of proportionality can be found from a compari- 
son of the coefficients of the highest powers of yu on either side. In this manner we obtain 











“79 ‘Ma P (uw) (utc) 
- = 1) "by «++ bya] sec > | " 
G(u) = (—1)"ky 1] sec B (i GY — a ee BY (176) 
On the other hand, since 
(3—cost) = EM (1 —u sec B)G(u) (177) 
ss aa u — cos B acacia ae 
we have, according to equations (166) and (176), 
3 — cos? B P (cos B)P ( —cos B) <M. ) 
= : = (—1)"k,.... k,-1] sec a 
we... pw? R (cos B) R ( — cos 8) ( )*h ky | sec p> +7] | (178) 
P (cos B) ; | 
XR (cos B) (cos B+). ) 
In other words, 
—.M 8 BP (—cos B) 1 
= 4)"h, «1.4 p> a A 
( is Pa [sec 8 + v|=5 . w2 R(— cos B) cosB+c° (179 
In virtue of this relation, equation (176) becomes 
1 P (w)P (—cos B) (3 — cos? B) (u+c) (180) 





GW) = eae R(u) R( — cos B) (1 —m sec B) (cos Be) ” 


It remains only to determine c. 
From equation (171) it follows that 


=G(+ V3) =G(- v3). 
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With G(u) given by equation (180), the foregoing equation reduces to 
P(+v3) c+v3 P(-—v3) c-v3 














R(+ V3) csB—- V3 R(— V3) cosB+ V3° (182) 
Solving for c, we find 
5s aesaigll A (V3 +cos 8) —B( V3 —cos 8) (183) 
~ A(V3+ cos 8B) +B(W3—cos B) ’ ' 
where we have written 4 4 
P(+ v3) PC — WS) 
A= ‘ B=———_-.. 184 
"eve R(— V3) ven 
With this value of c we verify that 
f. (A —B) (3 —cos? B) ” 
: OO PTE "oma eae as 
anc Se 
(3 — cos? B) ute -= [ A ~(V%3+cos B)(V3—p) 
cos B + ¢ A-B (186) 
— 45 ( V3 — cos 6)(V3 +n) |. 
The formula (180) for G(u) becomes 
G(s) = le (V3 Fea (VS =p) 
ey P(—cos 6)P (n) : > (187) 
- | ins / i cdc! 2 Si. SI an 
+ (1— §)(V3—cos B)(V3+yu)] X i was Soe J 
where y 
Uh: expinienes 1 
g AaB’ (188) 


With G(z) given by equation (187), the angular distribution of the reflected radiation 
corresponding to J‘ can be written in the form 


cos B : ) 
cos B + u (189) 


X [E (V3 +008 B) (V3 +n) + (1 — £)( V3 —co0s B)(V3—n)].) 


This completes the solution of equation (153). . 

Turning our attention next to equations (154) and (155), we observe that both these 
equations belong to the general type considered in § 4. We can, therefore, write down at 
once the expressions governing the angular distribution of the emergent radiations 
IYO, w) and J°(0, w). We have (cf. eq. [137]) 


I (Ou) = 3h FH (u) H (cos B) 


cos B 





(1) a : (1) (1) nena 190 
I (0, p) 3F sin B cos B sin 8 cos 8H") (nu) H*" (cos “re (190) 
and 
I) (0, w) = weF sin? B sin? 9H (4) H (cos 8) 88 _ (191) 
> 32 = cos B + yu ’ 


where H‘ (4) and H®) (4) are to be evaluated in terms of the positive nonvanishing roots 
of the equations 








3 Sn a; (1 — 5) i; 
soa NE A 192 
1 7 (192) 


1— Rey’ 






i 
Hi 
i 
Ee 
! 
' 
: 


A EY 


ne ES ee 


Sign nis iy OO 


aeaaiaek eee 


LIE Saad ere ga 


ne bie = ipa ha 


paar 








S. CHANDRASEKHAR 


(193) 


respectively.!° 

9. The angular distribution of the reflected radiation: numerical results.—Combining 
the solutions (189), (190), and (191) in accordance with equation (152), we obtain the 
angular distribution of the reflected radiation. We have 


T(0, 4) = sF [LH (u) HO (uw) [E(V3 +4) (V3 +2’) + (1 &) 
X (V3 —4)(V3—2')} —4un' (1 — vw?) CL — )? HO (un) H™ (woos ¢ | (194) 


+ (1—p?)(1—p”) H (nu) H® (u") cos 29] ——, 
ath 





where we have written w’ for cos £. 


TABLE 9 


THE CONSTANTS OCCURRING IN THE FORMULA FOR THE ANGU- 
LAR DISTRIBUTION OF THE RADIATION REFLECTED FROM A 
SEMI-INFINITE PLANE-PARALLEL ATMOSPHERE IN ACCORD- 
ANCE WITH RAYLEIGH’S LAW IN VARIOUS APPROXIMATIONS 

| 








Second Approximation Third Approximation | Fourth Approximation 
ki) =1.870829 | hy) = 3.08624 R{ = 4.337235 
| kf) = 1. 20629 RS) = 1, 562180 
| b() = 1096117 
¢ =0.20026 | ¢£ =0.29646 & =0.29561 
k()) = 2.86760 RY) = 4.15155 
RY) = 1.13000 ki) = 1.46004 
ks) = 1.06316 
k{?) =2.79728 ki?) =4.02457 
bi?) = 1.15840 ki?) = 1.49449 








b{2) = 1.07209 


10 Tn terms of the quantities 





2) 2m+2 2) 2,2 
Ad ayy EET and af? 2 
sa § 2m 
2m oa —_ hy? 2 fat i ku? 


the equations (192) and (193) can be reduced to the form (cf. eq. [150]) 
n 
Zz, AS) Pom = 0, 
m=0 


where the p»»,’s have the same meanings as in eq. (150). The A’s themselves can be evaluated simply from 
the recurrence formulae 





Pe eee ee os : 
Aem p| 42. (2m + 1)(2m + 5) 





Af2) = 1 aC) a 8 
2m hk} 2-2 (2m — 1)(2m + 1)(2m + 3) ]’ 


and the relations 


AM) = 4 and Ai?) = 16, 
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In Table 9 the various constants which occur in the foregoing solution in the first 
four approximations are collected together. In Table 10 the function H“)(y) in the 
second, third, and fourth approximations is tabulated, while in Table 11 the functions 
H‘(w) and H®)(y) are tabulated in the second and the third approximations. An in- 
spection of these tables reveals that the accuracy of the third approximation is within 1 
per cent over the entire range in which the functions are defined. 


TABLE 10 
THE FUNCTION H®(u) IN SECOND, THIRD, AND 
FOURTH APPROXIMATIONS 
(Rayleigh’s Case) 



































M Second Third Fourth 
Approximation | Approximation | Approximation 
ORE SD PSOE, 1.000 | 1.000 1.000 
WEE ccsvars a-ahearnc mts 1,237 1.233 1.242 
Lee a terete ec A e er 1.424 1.448 1.460 
es. sata ee 1.626 1.653 1.665 
es Sad tate a nee aie, 1.823 1.853 1.864 
0.5 2.018 2.048 2.060 
Gee are eee 2.210 - 2.241 Zi 2c2 
oY A ED 2.401 2.432 2.443 
Sh Pe Se, Coke 2.591 2.622 2.632 
Crk et de oe 2.779 2.810 2.820 
BE oncenet Maen 2.967 2.998 3.008 
TABLE 11 
THE FUNCTION H(®(yu) AND H@)(u) IN THE SECOND 
AND THIRD APPROXIMATIONS 
(Rayleigh’s Case) 
| H() (yu) H®)(y) 
- eee ee, oe femscsindinnstnallbces 
. | Second Third Second | Third 
Approxi- Approxi- Approxi- | Approxi- 
mation mation mation mation 
RE Er | 1.000 1.000 1.000 | 1.000 
eee So Sie Rees | 1.008 1.008 1.011 1.013 
ess oh ae 1.014 1.014 1.019 | 1.021 
0.3 | 1.019 1.018 1.024 | 1.026 
Ge ee ae ton 1.022 1.022 1.028 1.030 
| cE cea Ee gin UP Ths 1.025 1.024 1.031 1.033 
MB Chet rs cg oe oe 1.028 1.027 1.033 | 1.035 
"| A ley eee eS 1.029 1.029 1.035 1.037 
Ui sss 2 a. Si ate nex Pa nee 1.031 1.030 | 1.037 1.038 
| nD ater ae 1.033 1.032 1.038 | 1.040 
Be i oe ee 1.034 | 1.033 | 1.039 1.041 
| | aie 
As stated in the introduction, applications of the solutions obtained in this paper to 





the problem of planetary illumination will be found in a forthcoming paper. 


I wish to record my indebtedness to Mrs. Frances H. Breen for assistance with the 
numerical work. 
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APPENDIX 


The methods used in §8 enable us to complete the explicit solution of the constants of in- 
tegration and the law of darkening for the problem considered in paper III. Thus, considering 
the function (III, eq. [55}) 


a~i 
4 ? Le 
S(u) = (3 ) fei ke (1) 
we have already shown that (cf. III, eqs. [59] and [60]) 
' P (p) 
S =o ———, 2 
(u) =o R(u) (2) 


where 


p= (= 1). bea SF) (3) 


a 


is a constant and P(u) and R(u) are defined as in III, equations (57) and (58). In paper III the 
constant o was left undetermined. We shall now show how a can also be determined. 
Setting » = +3, respectively, — V3 in equations (1) and (2), we have (cf. eq. [186]) 


= P(+ v3) 
—_ 4/3 go 
O-— v3 TR +/3) oA, (4) 
and 4 
jp a < 
O+ deters 7pm V3) oB (5) 
Solving these equations, we find 
B+a 
= V/f3 —— 
Sadia ey (6) 
and 
2V3 
7“ B-A’ 4 


With o thus determined, the constants LZ, also become determinate according to III, equation 
(63). 
The law of darkening takes the form 


3V3 P(- 
1(0, w) =3FS(—4) = Teo F ot. (8) 


or, introducing the function H(z) as in equation (189), we can write 


I(0, uw) =A\FH (yp), (9) 


where 
3v3 (10) 


A=(—- 1)" +++ Hn FORTH - 


In the second, third, and fourth approximations \ takes the values 


= 0.42064 (second approximation) , 
= (0.41950 (third approximation) , (11) 
= 0.41916 (fourth approximation) . 
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STELLAR MODELS WITH PARTIALLY DEGENERATE ISO- 
THERMAL CORES AND POINT-SOURCE ENVELOPES 


MARJORIE HALL HARRISON 
Yerkes Observatory 
Received January 17, 19-46 


ABSTRACT 


Stellar models, consisting of partially degenerate isothermal cores and point-source envelopes, are 
considered in which the ratio of the mean molecular weights in the core and the envelope takes two val- 
ues, namely, 1 and 2. The results presented in this paper do not agree with those of a similar calculation 
attempted by Gamow and Keller and do not support their suggestion that allowing for the degeneracy of 
the isothermal core devoid of hydrogen will significantly alter the early course of evolution of the main- 
sequence stars. 


1. Introduction.—In their discussion of the evolution of the main-sequence stars 
M. Schénberg and S. Chandrasekhar! conclude, on the basis of their study of stellar 
models with isothermal cores, that there is an upper limit to the fraction of the mass 
which can exist in the form of isothermal cores devoid of hydrogen. On the strength of 
this result they say that “‘it is difficult to escape the conclusion that beyond this point 
\where the core devoid of hydrogen has increased to its maximum size] the star must 
evolve through nonequilibrium configurations.”” But it has recently been claimed by 
G. Gamow? that this is a ‘‘paradoxical result”’ which arises only because of the “‘arbitrary 
assumption”? made by Schonberg and Chandrasekhar that the isothermal core is gaseous 
and that, if once this assumption is dropped to allow for the possible degeneracy of the 
core, the isothermal regions can spread through the whole star. Indeed, G. Gamow and 
G. Keller* believe that they have shown that stellar models consisting of partially de- 
generate isothermal cores and radiative envelopes can be constructed which will account 
for the giants and their energy production in terms of the carbon cycle. These conclu- 
sions are at such variance with those of Schénberg and Chandrasekhar that we have 
re-examined the problem de novo and find that we cannot substantiate the claims of 
either Gamow or of Gamow and Keller. But before we enter into the details of the 
construction of the models, it is of interest to examine the problem in a general way 
and see why it is that allowing for the possible degeneracy of the core cannot affect in 
any significant way the conclusions of Schénberg and Chandrasekhar.* 

According to the calculations of Schénberg and Chandrasekhar, the central tempera- 
ture and the density of the configuration which incloses the maximum fraction (~ 10 per 
cent) of the mass in the isothermal core (assumed gaseous) are given by 


- -1> ueH GM 
T.= 0.713 —— — 1 
ee (1) 
and 
3M 
-= 3210 —— D 
. 4rR°’ (2) 
‘Ap. J., 96, 161, 1942. 2 Phys. Rev., 67, 120, 1945. 3 Rev. Mod. Phys., 17, 125, 1945. 


‘I am indebted to Dr. S. Chandrasekhar for the discussion which follows. 
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where the various symbols have their usual meaning. It is now clear that the assumption 
of the gaseous nondegenerate nature of the core will be a valid one if the pressure com- 
puted according to the perfect gas formula 





k , 
Paondes sda. eH pol c (3) 
exceeds that given by the degenerate formula® 
Ki 5/3 
} hen = wes Pe , (4) 
where oe 
1 
SO Fd, Ae at: Ne 
m 20 (=) m, H*/8 iain (5) 


is the unrelativistic degenerate constant. (It will be noted that we are ignoring the rela- 
tivistic modification of the formula giving the pressure of a degenerate case. This is not of 
importance in the present context. But it is of importance in another connection, to which 
we shall presently make reference.) 

The validity of the assumption concerning the nondegeneracy of the core requires, 
then, that 


k ~\ Ai 5/s 
—— pI. >= Pes 
ue pel s/s € (6) 
Substituting for p. and 7, from equations (1) and (2), the foregoing inequality reduces 
to 
(5) me? (7 
O/ Ro” A” 


On the other hand, if a temperature of 20,000,000 K®° is accepted as a criterion for the 
operation of the carbon cycle, we should have 





H GM 
$08.2 09 Se meee 
2x 107= 0.713 ae (8) 
Eliminating R between the relations (7) and (8), we find 
M_ 1.95 a 
aa” aches (a= 2). & 


In other words, for T, = 2.0 X 107 degrees (K), degeneracy cannot be a significant 
factor in the evolution of stars of masses greater than }© during the stage of the burning 
of the hydrogen. For stars of small mass (M < 0.5 ©), incipient degeneracy will occur 
already during the early stages. This is, of course, well known from the study of the 
M dwarfs themselves and is not of any special relevance in our present context. 
Turning next to a somewhat different aspect of the same problem,’ we first recall tha! 
the maximum mass in hydrostatic equilibrium which can be degenerate is 6.604;' 
Under no circumstances can degeneracy spread over a larger mass. For pe ~ be = 2 this 
is 1.650; and, accordingly, for stars of large mass (M > 3 — 4©), degeneracy can new! 
spread over more than a fraction of its mass. This, again, is a well-known result; butt 
should be emphasized in this connection that, in order that we may have 1.65© in the 


6S. Chandrasekhar, An Introduction to the Study of Stellar Structure, p. 421, Chicago: University of 
Chicago Press, 1939. 

6 Chandrasekhar, op. cit., p. 438. Here xu, is the mean molecular weight appropriate for computing the 
pressure of the electron gas. Since we are dealing with situations in which no hydrogen is present. we 0 
not distinguish between yu, and ye. 
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degenerate core, the density throughout the core must (normally!) exceed 10° gm/cm’, 
Such configurations must be, accordingly, of white-dwarf dimensions and can therefore 
have no bearing on the structure and constitution of the giant stars. 

When the two lines of arguments presented in the preceding paragraphs are combined, 
it is evident that degeneracy as a factor in the evolution of the main-sequence stars with 
masses exceeding 0.75© can play no significant role during the early stages, when hydro- 
gen is being burned. This situation is slightly different for stars of small masses (M < 
().5©). But, as we have already pointed out, these stars are already incipiently degener- 
ate on the main sequence. Evolution of these stars is, therefore, principally one along a 
sequence in which the transition is directly to the white-dwarf stages. Since degeneracy is 
an important factor, temperature is irrelevant to the situation, and the isothermal char- 
acter of the core devoid of hydrogen plays a minor role. It is thus apparent that, where 
the isothermal character of the core is significant, degeneracy ceases to play a role. There 
is thus a mutual exclusiveness of the two factors. 

In spite of what we have said in the preceding paragraphs, it is definitely of interest to 
study stellar models in which we make allowance for the possible degeneracy of the core. 
These models are studied in this paper. But we may draw attention, even at this stage, 
to the fact that our results are in disagreement with those of Gamow and Keller. We are 
unable to follow their method of fitting in detail, but we feel that there can be no doubt 
about the correctness of our results.’ 

2. The equations of the models.—In the absence of relativity effects the Fermi-Dirac 
equation of state of the partially degenerate isothermal core with negligible radiation 
pressure can be expressed parametrically in the form 


5 x A Hell (2mkT) 3 








i Fij2(¢) , (10) 
and Ae (2m) 3/2 (RT) 9/2 
p=" Tare (d) , (11) 


where m is the mass of the electron; /, the Planck constant; H, the mass of the proton; k, 
the Boltzmann gas constant; ye, the molecular weight of an electron gas; and /1,.(@), the 
Fermi-Dirac® functions defined by 





P6) =f see (12) 
and 
33/2 (b) = &s/2(o) , (13) 


where @ is a measure of the degree of degeneracy. 
With the foregoing equation of state the equation of equilibrium 





1 d/r* dP ’ 
can be reduced to the form 
1d ‘ t) - ae 
SA (eS)=-F@ | (15) 
where Ms ‘ 
1 ha 
oes «" eden a OR 7 che 


‘One error to which we may draw attention is that the formula (18) quoted by Gamow and Keller for 
the pressure of a degenerate gas is incorrect by a factor 8, but this may be an error in the type. 


* J. McDougall and E. C. Stoner, Phil. Trans., R.S., A, 237, 67, 1938. 
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The mass of the material inclosed up to a radius 7 is given by 
r n 
M =4 redr=4mai *dn. 
(n) rfp dr ra} f‘pn*d (17) 
In order to express p in terms of ¢ and n we make use of equations (10) and (15); thus 
4au.H (2mkT)*? 1 d (_ , do 
gi 1 wie U7) = S (18) 
Hence the required mass relation is 
_ (4m) ?aiH yu, (2mkT)*?_, do | 
M (mn) = i n ri (19) | 
The standard equations of equilibrium for the point-source envelope, 
: 4 - . Cees. dM (r) _ ‘ 
pgp (OT = eS mare’, (20) 
and j 1 9 
DS oe inte te : 
3dr 2") 4acr*? T*.5’ (21) 
where the law of opacity is the conventional law of Kramers, 
kK = kop? , (22) 
can be reduced to the nondimensional forms 
d 5 oy dy 42 
Pit a eee , 2 
ie alee 2 ake: 23) 
d0 —Qo 
edi sant aes 2 
; dé £*9%-5 ( 4) 
by the transformation 
r=R:; p=poco; T=T)0; M(r) =My, (25) 
with - + om u: 
Rp=—; RT==25-GM (26) fw 
4r 5 k bo 
and H 
Kol 3 pi th 
= —— — 27 
‘ 16x ac RT? (27) tic 
te; 
According to equations (20), (23), and (25), the mass of the material inclosed up toa va 
radius 7; is given by W 
2 2 tio 
'P 
M(r;) = 2 er oye d (6) (28) ts 
G p dr o dé tai 
3. The equations of fit—Let the interface occur at & = §; and » = ni. We then have sir 
two sets of equations for the absolute value of the radius, mass, and pressure at the inter- 
face. Our equations of fit are derived from the requirement that the two sets agree. In nec 
this manner we find des 
: 2 2 7 3/2 dui 
ay BE CoO) _ An) Pat u, (2mkT) 9 |, do (29) Fan 
o dé h dn iy 
R > ‘i (30) Jan 
” la (4iru.H)?(2m)*? (kT) 2] "" abl 
4au,H (2mkT) *? -” 
pos = —— — ede v/2(¢) x, (31) ! 
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and 
k : An (2m) 3 (kT) 5? , 
oa aloo = Ae) Fun) (32) 
where, in equation (31) 
ay =z Penv  Beav (33) 


i 
Pcore Meore 


Equation (33) allows for a discontinuity of the density at = &; to correspond with the 
difference in the mean molecular weights of the core and the envelope. 

This system of equations can be reduced to one involving only two homology invariant 
combinations of o, 8, and their derivatives o’, 6’, and &. Raise equation (30) to the third 
power, divide by (29) and multiply by 4m times (31). We are left with 











5 ao a 2 p ; 
2 (6) ru Fyj2(o) x, (34) 
which we re-write in the form 
_ 3 _ oe. = = x= we y - 
D (ay? EE) =U(n) = gi Fur (d) x. (35) 
Divide (29) by (32), multiply by (31), and divide by (30). We then have 
(o0)' ._ “Fie (9) hs. 
a ** "ge ** iat 
which we re-write in the form 
2 (0) 4 = ne saya 2 Fi/2 (9) hes, ts 
a é=v0(§) =V(y) = 3 3s (6) nox. (37) 


4. The construction of the models.—Our fitting conditions are those which are usually 
used, namely, that the mass, radius, and pressure are continuous at the interface; and 
we have also made allowance for the difference in the mean molecular weights of the 
core and envelope by making the density discontinuous at the interface (cf. eq. [33]). 
However, it should be pointed out in this connection that it is not strictly correct to use 
the perfect gas equation for > &; and change over abruptly to the Fermi-Dirac equa- 
tion of state interior to £;. But this cannot be avoided if we want to use the available in- 
tegrations of the point-source envelope. It seems reasonable to suppose that for each 
value of the degree of degeneracy there would be a finite number of such models possible. 
With the available integrations of the point-source envelope we found that this supposi- 
tion was true and that for any degenerate core and point-source envelope there were, at 
most, two such models. For each value of the degree of degeneracy a certain mass was ob- 
tained; and in order to determine the values of the physical characteristics for any de- 
sired mass, we must interpolate across these curves. 

In order to determine the physical characteristics of any composite configuration, it is 
necessary to determine if there are any solutions which, besides satisfying the equations 
describing the core and the envelope, also satisfy the interfacial conditions. The proce- 
dure in such an investigation is to make use of the homology invariant quantities u and v® 
and transfer our curves to the w, v plane. In addition to the homology invariant quantities 
“and v which describe the point-source envelope, we introduce analogous functions U 
and V to describe the isothermal core. In this manner we are able to transfer the avail- 
able isothermal and point-source solutions to a common plane. Each intersection be- 
tween the two sets of curves then represents a possible composite configuration of the 


* Chandrasekhar, of. cit., pp. 146 ff. 
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type desired. Obviously, we cannot choose the mass of the core as an independent varia- 
ble but must determine it as a result of the fitting conditions and the equations describing 
the core and envelope.'° 

For the fitting we had two sets of integrations of the point-source envelope available. 
One set of these integrations is due to Miss I. Nielsen and is for values of log Q = 3.2494, 
3.1494, 3.0494, 4.9494, 4.8494, 4.7494, and 4.6494; the other set is due to M. Schonberg 
and is for values of log Q = 3.7894, 3.1894, 3.2894, 3.3894, 3.4394, 3.4894, 3.5894, and 


3.9394." The integrations by G. Wares’ for ¢o = 0, 2, 3, 5, 10, and 20 were used for 
the isothermal core. 

A graphical method was used to determine the homology invariant functions u and 9 
for each intersection between the point-source envelopes and isothermal cores; the values 
for £;, ¥:, and n; were then determined by interpolation in the tables. 

5. The physical characteristics of the models.—The mass, radius, luminosity, and ratio 
of the central to the mean density can be readily derived from equations (10), (16), (19), 
(25), and (27). The formulae are given for xo) = 4 X 10” and in terms of the sun’s radius 
and mass, with T in units of 2 X 10’ degrees K. 

Radius of the core: 











mer = 0.022367; . (38) 
Mass of the core: 
ee wT 9-75 = — 1.935126; X 107. (39) 
Radius of the configuration: 
R 0.022360; 
— y,T?- = a (40) 
Ro” gi 
Mass of the configuration: 
RE 1.9351 X 10-*n'i¢; 
Sac od 0-75 sxe ee ; (41) 
Mo" Vi 
Luminosity of the configuration: 
L. aca. 1 nei X3seex10- 
i tM ae ans See Peres (42) 
ip” ume t [Fi/2 (i) ]? 


Ratio of the central] to the mean density: 


~« 0.3336niy; ,. 
Pe On Fi/2 (bo) - (43) 


p &(— 936) 





The quantities (40), (41), (42), and (43) are tabulated in Table 1 for peore| Menv = 1 
and in Table 2 for peore|Menv = 2. 


10 This is where our method differs from that used by G. Gamow and G. Keller. 


'\ T am indebted to Dr. Schénberg for making these integrations available. 


2 “Partially Degenerate Stellar Models” (a dissertation submitted to the Faculty of the Division of 
the Physical Sciences in candidacy for the degree of Doctor of Philosophy, Department of Astronomy and 
Astrophysics, University of Chicago Libraries, 1940). 
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STELLAR MODELS 


TABLE 1 


PHYSICAL CHARACTERISTICS OF THE COMPOSITE MODEL FOR x = 1 AND VARIOUS VALUES OF go 
































COD W WY DO DO 
~I Q “ 
un 
oS 

















ti vi weT??5R/Ro | weT-7*M/Mo weT L/L | pc/P 
| 
(a) go=0 
0.1466 | 0.1172 | 0.3074 0.4773 | 0.246x10 | 51.5 
.1678 | 1987 | 0.4797 0.5831 | .942x10% | 74.1 
1698 | = =.2150 | = (0.4993 0.5996 | .121X107" | 81.3 
1742 .2532 | 0.5598 0.6662 | .243xX10" | 103 
1753 .2710 0.5929 0.6983 | .516K10- | 117 
1764 | .3112 | 0.6758 0.7642 | .728xK10" | 158 
1749 | .3262 | 0.7224 0.7973 | .103 185 
1718 | .3417 | 0.7870 0.8412 | .153 | 227 
1654 | ~—.3614 0.9160 0.9295 .320 324 
1551 | ~ .3950 1.169 1.058 947 588 
1350 | 4043 1.720 1.339 442 10 149 10 
0.0875 | 0.2249" | 17.41 10.77 0.989 10° 192 x 108 
— ea ae —_ ——— _ eS a 
(b) go=2 
0. 1638 0. 1530 0.2241 0.3370 0.132 10-3 48.2 
.1928 2641 .2581 .3822 532X107? | 65.0 
1974 . 2893 . 2662 3884 .714X 10-8 70.2 
. 2028 .3330 . 2886 .4118 132X107 | 84.4 
.2050 .3532 . 2995 4215 175X107 | 92.3 
. 2069 .3981 3318 .4468 34910 | 118 
. 2060 .4152 .3488 .4585 471X107 | 134 
. 2030 .4322 .3720 .4721 661X107 | 157 
.1992 .4578 .4122 4971 .116X10-' | 204 
.1848 .4900 .5056 5397 .296XK10-! | 346 
0. 1689 0.5013 | 0.6304 0.6015 0.728x10-! | 602 
(c) go=3 
0.1763 0.1824 0.1884 0.3273 0.548x10S | 46.9 
2131 .3216 2117 .3582 .250X10-3 | 60.7 
2200 | ~~ .3547 .2182 3650 | .357K10-* | 65.3 
2256 | 3994 .2327 3784 | .63010-3 76.4 
2288 | 4222 | ~— 2308 3845 | .833X10- 82.3 
2312 | .4685 | .2614 4007 | .161X10 | 102 
.2309 | .4875 |  .2728 .4078 218X107 | 114 
2267 | .5010 |  .2888 .4172 .288X10 | 133 
2249 | 5284 =| ~~ .3109 .4288 476X107 | 161 
2112, | =. 5619 .3723 4577 118X10-! | 258 
0.1976 | 0.5787 | 0.4316 0.4800 0.223x10-' | 384 
(d) go=5 
| | | 
0.2116 | 0.2758 0.1508 | 0.3481 | 0.232x10~ 44.6 
2814 | .5330 | .1664 | .3657 | .264x10~4 57.1 
0.2874 | 0.5760 | 0.1737. | 0.3706 | 0.452x10~4 64.3 
| | 





* This intersection corresponds to one for which y, has already reached its maximum 
I i 


able solution. 














and thus is not a physically reli- 
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TABLE 1—Continued 
— ~ | — a aa 1 a er a, 
& | vi | HeT®®R/ Ro ual *18M/Mo)| wel *5L/L pc/p 
| | 
(d) ¢o=5—Continued 
0.2923 | 0.5993 | 0.1773 | 0.3736 0.614 1074 67.4 
2943 | .6372 |  .1881 .3800 1071073 79.2 
.2945 | 6538 . 1937 . 3827 . 1421073 85.9 
. 2926 | 6662 | . 2002 . 3859 .181X 1073 94.1 
.2896 | 6888 | .2120 . 3906 .278X 1073 110 
wayee } .7188 | .2388 | .4001 .587 X 107% 154 
0.2655 | 0.7353 | 0.2628 | 0.4057 | 0.947x10- 203 
| | | 
(e) go=10 
me ; eres ooo Pape ene ie gi ——— 
0. 2830 | 0.4468 | 0.1077 0.4441 | 0.698 x 1075 34.6 
.3837 | 6912 | . 1020 .4318 .529X 1074 30.2 
0.4263 | 0.7820 | 0.1018 0.4316 | 0.164107 30.1 
| | : ae | _ — 
(f) go= 20 
encom ted : “ =_ = 
0.2512 | 0.3505 0.08810 | 0.6968 0.328 107% 33.8 
.3208 | .5214 .08224 | .6665 .103 K 10-5 28.8 
3602 | .5925 .07845 | . 6620 .177X107 25.2 
0.3984 | 0.07528 | 0.6556 0.299 x 1075 22.5 





0.6588 | 
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STELLAR MODELS 


TABLE 2 


PHYSICAL CHARACTERISTICS OF THE COMPOSITE MODEL 
FOR x=} AND VARIOUS VALUES OF ¢o 
















































































| fi vi | meT??5R/Ro | weT-3M/Mg) eT “3L/Lo pe/'p 
| | | 

| (a) gdo=0 

| | | 
0.0616 0.0202 0.7058 1.319 0.80710-3 | 104 

| 0720 0448 0.8942 1.584 .216X10 | 176 

0731 0511 0.9465 1.637 .280X10 | 203 

| 0744 0674 1.116 1.834 630X102 | 297 

0738 0752 1.222 1.938 | .926X10-2 | 370 

| 0704 0922 1.562 2.260 | .258X10" | 660 

0682 1004 1.790 2.459 474X107! | 914 

| 0631 1074 2.274 2.909 121 15810 

0451 0898 * 7.597 8.509 260 10? 202 x 102 

0435 .0775* 10.74 12.38 146 103 391 10° 
0.0438 0.0702* 14.46 17.09 0.791 x 108 692 x 10? 

(b) go=2 
| | | | 

0.0624 | 0.0205 | 0.3998 | 0.8641 | 0.229x10-4 | 107 
0741 | 0463 | 0.4806 | 1.035 .69310-4 | 155 
0758 | .0532 | 0.4984 | 1.037 .857X10-4 | 173 
0782 | 0712, | 0.5640 | 1.101 | 1671073 | 235 
0785 | .0800 | 0.5954 1.110 | .219%10-3 | 275 
0768 | 0996 | 0.7003 | 1.179 .44710-3 | 421 

| 0745 1080 | 0.7699 | 1.224 .659X10-§ | 539 
0725 | 1190 | 0.8581 | 1.279 .102K10-? | 715 

| 0.0678 | 0.1363 | 1.055 | 1.388 0.23610 | 122x10° 

| | | 

| 

(c) go=3 

ae oe ee PE eS eal 

| 0.0626 0.0206 0.3371 0.9128 | 0.728x10-* | 96.3 
0750 0468 3967 0.9793 | .21110-* | 146 
0768 0542 ‘4110 0.9755 | .257x10-4 | 163 

| 0798 0728 4555 1.008 .471K10-4 | 215. 

0800 0818 4806 1.016 .60610-4 | 251 
0798 1034 5437 1.032 110X107? | 358 
0785 1134 5843 1.049 .153X10-3 | 437 
0774 1258 | 6308 1.060 .21510-? | 543 
0.0734 0.1448 | 0.7382 1.100 0.40710- | 840 

| 

| (dq) go=5 
0.0627 0.0206 0.2781 | 1.027 0.150 10-5 94.8 
0761 .0478 .3158 | 1.028 .400K10-5 | 139 

0782 0554 .3247, | = 1.018 .479X10-5 | 152 
0818 0748 .3528 | 1.022 .81210-5 | 194 
0826 0846 .3670 | 1.012 .101K10-4 | 221 
0838 1086 4017 | 0.9902 .16810-4 | 296 
.0842 1214 | 4195 0.9781 .218K10-* | 342 

| 0831 1343 | 4460 | 0.9727 .28810- | 413 
0.0816 0.1582 | 0.4904 | 0.9529 0.455X10-4 | 558 
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TABLE 2—Continued 


? 

















Ox 108 ti | vi mel? ?R/ Roy | mel 7M /MG) wel L/L Pe/ 

(e) do=10 

| | | | 
OR oe | 0.0629 0.0207 0.2196 1.405 | 0.154xX10% | 92.8 
Sere | 0771 0486 | 2456 1.385 | .392x10* | 131 
.. aoe 0792 | 0563 | 2524 1.365 | .466X10-° | 145 
5] | Se | .0836 | .0768 | 2693 | 1.340 .757X10-* | 180 
BE his oe % 0848 0872 .2773 1.310 | .905x10-* | 200 
s eee | 0872 1135 2956 1.238 .142X10-> | 256 
2.750... | 0885 1280 | . 3046 1.209 | .178X10-§ | 287 
I Sia kes, 0k 0884 1431 | 3171 1.175 2211075 | 334 
eae 0886 1710 | 3366 1.113 | .323x10-5 | 421 
“ae 0878 2244 | .3722 1.006 .600X10-> | 630 
8.698.........| 0.0868 0.2718 0.4022 0.9289 0.976K10-> 862 

| (f) go=20 


i eee | 0.0630 0.0209 0.1813 2.202 0.161 1077 93.5 
JS .0778 .0492 .2014 2:015 .407 X 1077 130 
IGS ° Aer | .0796 .0568 . 2067 2.136 .487X 1077 143 
PENIO) 6555504 .0844 | .0776 .2188 2.079 .757X107 174 
poe 0854 .0880 . 2256 2.028 9051077 | 195 
UB 5) eae ge eee 0885 /1132 . 2382 1.905 | .13810~° 245 
“AS i Sees .0900 . 1302 2444 1.851 |  .172x107* 272 
A .0901 . 1460 2530 1.783 .215X 107° 313 
OD Se, «ais ote .0910 1757 2658 1.674 .299X 10~* 386 
3. eee | .0925 . 2356 2847 1.470 .518X 10% 545 
i | 0.0942 0.2903 0.2971 1.330 0.841 107% 681 


6. Conclusions —An examination of the tables reveals that when yu./u. = 1 these 
composite configurations have radii, masses, and luminosities smaller than those of the 
sun, while the ratio p./p is higher. For u./u. = 2 the radii and masses increase, but the 
radii in most cases still remain less than that of the sun; the masses and ratio p,/p are 
larger than the sun, while the luminosity remains much smaller. 

With the data given in Tables 1 and 2 we can derive the course of evolution of a given 
mass as the degree of degeneracy at the center varies. Thus it is found that M/Mo = 
0.1264 X 10-° u;>5 T%/4 is included among the solutions found with ¢o = 0, 2, 3, and 5 
and for « = 1. Interpolating in Table 1, we obtain the results given in Table 4; from this 
table we can follow the variation in mass and radius for a given central temperature. 
Table 5 is also derived from Table 3 and shows the variation in temperature and radius 
for a given mass. Tables 3, 4, 5, 6, 7, and 8 are for x = 1, while Tables 9, 10, 11, 12, 14, 
and 14 show similar results for « = 3. 

It will be seen that our values lie far below those given by Gamow and Keller’? even 
if we allow for the difference in ko. 

In a later paper we shall combine the results of this and the earlier investigations" 
for a discussion of stellar evolution. 


13 Op. cit., Fig. 8. 
14 4p. J., 100, 343, 1944; 102, 216, 1945. 
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STELLAR MODELS 


TABLE 3 






PHYSICAL CHARACTERISTICS FOR A STAR OF Mass 
M/Mg = 0.1264 X 107-5 u7*T*/4 (T IN DEGREES) 





(T=2X10'; x=1; u#iM/M eo =0.378) 























— 
do ueR/RO vi | ki | Lyut/LO 
| a nes Ce fe nc te Sie Seer. | Sb EE ie ete 
2 . 256 0.2567 0.1909 0.507 X 1073 
eee ere . 233 . 3994 2256 | .630X 1073 
5 ee ees 0.185 0.6277 0.2938 | 0.942 1074 
TABLE 4 
MASS RADIUS RELATIONS FOR STARS OF DIFFERENT MASSES 
WITH GIVEN CENTRAL TEMPERATURE AND x=1 
(Derived from Table 3) 
=, Sn ae | 
Borah Unie aw hea ere Sena 106 5x 108 | 10X 108 
Pd 8 RS tele oe? 0.040 0.134 | 0.225 
ee Pen ee re a HeR/RO ueR/RO | ueR/ROE 
ony setcncn ees 0.775 0.518 | 0.436 
Bei Micaeemeneen hen 541 | .362 | 304 
Ei or Bs ee eM VR = Fre Pa a A? .492 .329 | 2b 
eee les one 0.392 | 0.22 | 0.220 
| 





TABLE 5 


MASS RADIUS RELATIONS FOR STARS OF DIFFERENT CENTRAL 
TEMPERATURES AND GIVEN MASS AND FOR x=1 


(Derived fro 














, ree Se Te eS |} 73.1x108 | 
Bie ctcckucare eee MO 

Wve Soh es | ueR/RO 
eo | 0.265 

1 AE Ae ee EG 185 

SIME Moy ap BP eT Smit Se ge . 168 

5 0.134 





TABLE 6 


m Ta 


ble 3) 


8.55 X 106 


bMG 


| 0.453 


| .316 


. 288 


| 0.229 


| ueR/ROE 


| 


3.39X 106 


PHYSICAL CHARACTERISTICS FOR A STAR OF MASS 
M/Mo = 0.1598 X 1075 ue? T3/4 (T IN DEGREES) 








(T= 
go ueR/RO | vi 
Occ on e. 0.397 0.1172 | 
Feeeeae 378 4362 
, RR ESI ck, 0.432 0.5787 


gi 


0. 1466 
2024 
0.1976 


X 10’; x = 1; uM /Mo@ = 0.478) 


| 


| 
| 
| 





Lu?/LO 


0.246 10 
.736X 10 
0.223107 






































MARJORIE HALL HARRISON 


TABLE 7 






MASS RADIUS RELATIONS FOR STARS OF DIFFERENT MASSES 
WITH GIVEN CENTRAL TEMPERATURE AND x=1 


(Derived from Table 6) 








Whitest atenassuiaks | 108 | 5X 108 | 10X 108 
6” eer eee 0.050 | 0.169 | 0.284 

a ane rae PERNA | weR/RO | weR/RO | ueR/RO 
ee ee | 0.840 0.562 0.472 
AERC I | 800 535 450 
Bate. Ac alka odoalos | 0.913 0.610 | 0.513 


TABLE 8 


MASS RADIUS RELATIONS FOR STARS OF DIFFERENT CENTRAL 
TEMPERATURES AND GIVEN MASS AND FOR x= 1 


(Derived from Table 6) 











Bs ee wie ea eS kk ee 53.6 106 | 6.26X 106 | 
sce cscaae nce d haoadaine ae 1 ° os | 
Ry kiwi adeiene Siwie bos be Maree | ue R/ RO j ueR/RO | 
“Sar een a } 0.311 0.531 | 
ltl Vode AA a | 296 | 506 | 
: 0.577 | 


TABLE 9 


2.49X 108 





PHYSICAL CHARACTERISTICS FOR A STAR OF MASS 
M/M© = 0.4584 X 1075 uz?T?/4 (T IN DEGREES) 








my l 
go | ueR/ ROE vi gi L,3/LO 
A Shes | 0.740 0.0247 0.0635 0.105107 
} 4026 "1338 0685 "217107 
0.254 0588 0797 ‘49210 
ae ee 0.293 0.2732 0.0937 0.735X10~ 
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TABLE 10 


MASS RADIUS RELATIONS FOR STARS OF DIFFERENT MASSES 
WITH GIVEN CENTRAL TEMPERATURE AND x=} 
(Derived from Table 9) 

















Bes 0 ho, ee gs ee | 108 5x 106 | 10 108 
uM /Mo......- | 0.145 | 0.485 | 0.815 

Pee een er SP a | ueR/RO ueR/RO | ueR/RO 
Pas. = | 1.565 1.046 0.880 
PO ate ran 2.170 1.451 1.220 
||) ean Aen oe eh ohs 0.538 0.360 0.302 
2. | Se RAE ee ode ea Mo Si 0.620 0.414 0.349 





TABLE 11 


MASS RADIUS RELATIONS FOR STARS OF DIFFERENT CENTRAL 
TEMPERATURES AND GIVEN MASS AND FOR x = 3 
(Derived from Table 9) 








Fis scree a cit acontmarteon | 15.1 108 1.55 X 106 | 0.609 X 108 











Tessie] tsaxie | tse | oanxt 
| ea pete et td Mo | Mo | yMo 
bates ce tine | weR/RO | weR/RQ |  meR/RQ 
Pe | 0.822 | 1.402 | 1.771 
Boe on oasis peas 1.140 ‘| 1.945 2.456 
eo ee ..... 0.283 | 0.482 | 0.609 
Me acct 5, ee | 0.326 | 0.556 | ) 702 





TABLE 12 


PHYSICAL CHARACTERISTICS FOR A STAR OF MASS 
M/Mg = 0.3320 X 107° we?T*/4 (T IN DEGREES) 
(T = 2X 10; x = 3; WM /MgG = 0.993) 




















| 
$0 ueR/RO vi gi |  Lut/Le 
ase gel 0.456 0.0384 0.0705 | 0.550 1074 
Sie a 421 0585 0777 3071074 
ee 399 1068 0837. | ~— .163 10-4 
0.0876 | 0.685 1075 
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TABLE 13 

MASS RADIUS RELATIONS FOR STARS OF DIFFERENT MASSES 
WITH GIVEN CENTRAL TEMPERATURE AND x=} 

(Derived from Table 12) 





5x 108 | 10x 108 


0.351 | 0.590 








HeR/RG ueR/RGE 
0.644 0.542 
. 596 .501 
. 564 .474 
0.536 0.450 

















TABLE 14 

MASS RADIUS RELATIONS FOR STARS OF DIFFERENT CENTRAL 
TEMPERATURES AND GIVEN MASS AND FOR x=} 

(Derived from Table 12) 





20.2X 108 | 2.36X 108 





| 1M fo) 











.719 
.681 


| 
| 0.778 
| 
| 0.646 





I wish to express my sincere thanks to Dr. S. Chandrasekhar for suggesting this prob 
lem and for many helpful discussions. 
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THE SPECTRUM OF PROCYON: A TYPICAL STAR OF CLASS F* 


J. W. SwENsSSON 
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ABSTRACT 


A table of identifications, covering the wave-length interval \\ 3800-6768, has been prepared from 
measures of high-dispersion McDonald spectrograms of the type dF4 star, Procyon. Many of the metals 
are represented by strong lines due to both the neutral and the singly ionized atoms. Most of the rare 
earths are weakly but certainly present. Bands of CN and CH, despite the numerous obscurations of the 
rotational lines by blending and masking, are faintly recognizable. 


The value of an extensive list of lines in a stellar spectrum, compiled from spectro- 
grams of high quality and dispersion, is well recognized. Apart from the general concern 
in knowing which of the less common atoms and ions can be identified, it is of some in- 
terest, in the case of the F-type spectra, to kriow what molecular lines, if any, are present. 
Furthermore, in making studies of the radial velocities and physical conditions of stars, 
the need is frequently felt for a list of lines in a typical spectrum which are essentially 
free from blending effects. 

Between 1941 and 1943, eight spectrograms of Procyon (a Canis Minoris), spectral 
type dF4, were taken by Drs. O. Struve and P. Swings with the coudé spectrograph of 
the McDonald Observatory. These plates have a linear dispersion ranging from 1.4 
A/mm at A 3800 to 16.3 A/mm at A 6768. Subsequently, this entire region was measured, 
for the most part on as many as three different plates of the same interval, by Dr. Struve. 
Late in 1944 the results of these measures were placed in the hands of the writer, and he 
was granted the privilege of making and discussing the identifications. 

Among the studies of other F-type spectra, some of the more extensive are those of 
a Persei (cF4),! 6 Cephei (cF2—cG4),? 7 « Aurigae (cF2),* a Carinae (cFO),* and y Cygni 
(cF7p).° These stars are nontypical F types in the sense that all five are supergiants; 
§ Cephei exhibits a periodically variable spectrum, and y Cygni is a star exceptionally 
rich in rare earths. Procyon itself has previously been studied by means of lower-disper- 
sion spectra in the region AX 4250-4703 by S. Albrecht® and in the region AA 6562-7593 
by F. E. Roach.’ The present re-examination of this spectrum is considered justified on 
the basis of our better, high-dispersion spectrograms, together with the great amount 
of laboratory material on atomic, as well as molecular, spectra which has appeared since 
the time of Albrecht’s paper. 


* Contributions from the McDonald Observatory, University of Texas, No. 122. 
1 Theodore Dunham, Jr., Contr. Princeton Obs., No. 9, 1929. 
°C. J. Krieger, Ap. J., 79, 98, 1934. 


SE. B. Frost, O. Struve, and C. T. Elvey, Pub. Yerkes Obs., Vol. 7, Part I, 1932; William W. Morgan, 
Pub. Yerkes Obs., Vol. 7, Part III, 1935; P. Swings and O. Struve, Ap. J., 94, 307, 1941. 


* Jesse L. Greenstein, Ap. J., 95, 161, 1942. 5 Ap. J., 80, 86, 1934. 
°F. E. Roach, Ap. J., 96, 272, 1942. TAp. J., 80, 233, 1934. 
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Procyon is a close visual binary, magnitudes 0.5 and 10.8,* with a period of forty 
years. Its parallax of 0732 fixes the absolute magnitude of the system at +3.0. Albrecht’s! 
supposition that the brighter component is a spectroscopic binary of very short period 
was subsequently shown by W. Schaub!"® to be incorrect. 


THE TABLE OF IDENTIFICATIONS 


The absorption lines measured in the Procyon spectrum, some thirty-six hundred in 
number, are listed in Table 1. The wave lengths given are the simple averages of those 
obtained from the plates measured; no real difference in the wave lengths of a given line 
measured on different plates is apparent. These wave lengths were computed to three 
decimal places. Although this accuracy would be justified for many lines in the violet 
and blue regions, all the wave lengths are given only to the nearest 0.01 A. The intensities 
of a given line, as estimated from several plates, are in close agreement; the averaged in- 
tensities are given in the second column and are on the usual system, the faintest lines, 
whose reality in some cases may be doubtful, being assigned an intensity of 0. Unidenti- 
fied lines of 0 intensity measured on only one plate have been omitted. The predicted 
lines are designated by the usual ‘‘Pr.”’ The customary letters ‘“‘b,” ‘“‘n,” and “‘nn,” ap- 
pearing after some of the stellar intensities, mean, respectively, “broad,” ‘“‘nebulous,” 
and “‘very nebulous.” In the third column, headed “‘N,” is given the number of plates on 
which a specific line was measured. The value of N may be taken as an indication of the 
accuracy of the entered wave length. It is believed that essentially all the faint lines listed 
in the table are real, although somewhat greater faith may be placed on the reality of 
those faint lines measured on two or more plates. In a given region of the spectrum the 
number of plates actually measured is indicated by the N-number appearing opposite 
the higher intensities in the second column. Owing to slight differences in exposure and 
plate quality, lines falling in the wings of very strong features sometimes do not appear 
masked on all the plates measured; for this reason the reader should not be disturbed by 
the frequent disparity of the N-values recorded for neighboring strong lines. 

In making the identifications, a preliminary survey of the wave-length table was first 
made by means of the M./.T. Wavelength Tables. Then the evidence for the presence of all 
the chemical elements and their ions was carefully considered. The final identifications 
were entered in the table, considering each multiplet of a given element or ion whenever 
the existence of a term classification rendered this possible, largely by means of the Re- 
vised Multiplet Table of Astrophysical Interest," parts of which were very kindly lent by 
the author, C. E. Moore, before its publication. So far as has been possible, the contribu- 
tors to a line have been listed in the order of their relative importance. Some identifica- 
tions are somewhat doubtful, represent very minor contributions, or differ appreciably 
in wave length; such entries have been inclosed in parentheses. 

Despite the many compilations of atomic and molecular spectral data which have ap- 
peared during recent years, there still are some strong lines which remain completely 
unidentified. Indeed, for 8 per cent of the lines in Table 1 no identifications whatever 
have been given, and, in addition, many of the entered identifications could be greatly 
improved. Most of these lines are also present in the spectrum of the sun, and the stronger 
ones can be found in a few spectra as early as type A. The variation of intensity with 
spectral type for the unidentified lines of intensity 3 or greater in the Procyon spectrum 


8 A special magnitude determination by G. P. Kuiper, Ap. J., 85, 253, 1937. 
9 Loc. cit. 

10 Zs. f. Ap., 9, 198, 1934. 

11 Contr. Princeton Obs., No. 20, 1945. 
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SPECTRUM OF PROCYON 


TABLE 1 
THE SPECTRUM OF PROCYON (a CANIS MINORIS) IN THE REGION AA 3800-6768 



































| 
rN Int. | N | Identification 
3799.56... 2 | 1| Fer 9.55 (50) | 
3800.62... 1 | 1 | Mn10.55 (4), Zr 110.73 (5) || 
3801.72... 2n|1| Fer 1.68 (3), Fe1 1.80 (1), || 
| Fer 1.98 (2), Mn 1.63 
| (3), Mn1 1.91 (4) 
3302.30... 1 | 1 | Fer 2.28 (1) 
3803.51... 1 | 1 | V1 3.47 (25) 
3804.02... 3 | 1 | Fer 4.01 (2) 
3804.55... 1 | 1| V14.59 (3), (Mn 4.48 (0)) 
3804.78... 1 | 1 | Cr1 4.80 (50) 
3805.35... 3. | 1 | Fer 5.34 (12) 
3805.78... On | 1 | (Cor 5.78 (2)) 
3806.19.., 2n | 1 | Fer 6.20 (2) 
3806.70... 4 | 1 | Mn16.72 (20), Fe 16.70 (10) 
3807.14... 2 | 1 | Nix 7.14 (35) 
3907.54... 4 | 1 | Fer 7.53 (7) 
3808.00... 1 | 1 | Cr17.93 (15), Co18.10 (10), 
Cem 8.12 (300) 
3808.28... 2 | 1 | Fer 8.29 (1) 
3808.72... 3 | 1 | Fer 8.73 (4) 
3309.04... 1 | 1) Fer 9.04 (1) 
3809.55... 3 | 1 | Mn19.59 (10), V1 9.60 (15),|| 
Cr 11 9.54 (1) 
3810.25... On | 1 | Fe 0.21 (Pr) | 
3810.76... 2 | 1 | Fer 0.76 (2) 
3811.05... O | 1 | Fer 1.05 (1), Cor 1.06 (5) || 
3811.86... 5 | 1 | Fer 1.89 (2), Fer 1.81 (Pr) || 
3812.25... In| 1 | Crx 2.25 (12) | 
3812.95... 4n | 1 | Fer 2.96 (40), Fer 3.06 (5) |) 
3813.38... 1 | 1 Tim 3.39 (2) 
3813.59... O | 1 | Fer 3.64 (2), V1 3.49 (60) || 
3813.88... 1 | 1 | Fer 3.89 (2), Fer 3.93 (Pr) || 
3814.15... 2 | 1] Fem 4.12 (4) 
3814.56... 3 | 1| Tim 4.58 (4), Fer 4.53 (5), 
Cr1 4.62 (12), Co1 4.46 (5) 
3814.80... 2 | 1 | Ti14.86 (4), Nd 11 4.72 (60) 
3815.39... 2 | 1| Vir5.38 (200), Cr1 5.43 (30) 
3815.83... 7 | 1 | Fer 5.84 (100) 
3816.19... O | 1 | Cr1 6.17 (20), (Prt 6.17 
(125), (CN 1, 1 R 6.24) 
3816.35..| 3 | 1 | Fer 6.34 (4), Co1 6.32 (15), 
| Co 1 6.46 (15) 
3816.86..| 2n | 1 | Cor 6.88 (5), Mn1 6.75 (5), || 
Fe 6.92 (Pr) 
3817.40... O | 1 | Cem 7.46 (25) | 
3817.61..| 3 | 1 | Zr 7.59 (12), Fe1 7.65 (3), || 
| Tit 7.64 (5) 
3818.32... 2 | 1| Vr 8.34 (60), (Pru 8.28 || 
(125)) 
3818.58... 1 | 1 | (Cr1 8.48 (25)) 
3818.84... O | 1 | (Zr 8.78 (1)) 
3819.55..|  3n | 1 | Cr19.56 (40), Fe1 9.50 (Pr), 
Eu 11 9.67 (6000) 
3820.44..| 10 | 1 | Fer 0.43 (250) 
3820.84..! O | 1 | Cr10.87 (7), CN 0,0R 0.78 
3821.18..| 5 | 1] Fer 1.18 (10) 
3821.88..| 4 | 1 | Fer 1.83 (3), Fe 1.92 (Pr) 
| 
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3822.85. . 
3823.51. . 


| 3823.86. . 


3824.09. . 
3824.33. . 
3824.49. . 
3824.93. . 
3825.41. . 
3825.88. . 
3826.42. . 
3826.62. . 
3826.85. . 
3827.10. . 
3827.29. . 
3827.59. . 
3827.84. . 


| 3828.14. . 


3828.52. . 
3829.30. . 
3829.69. . 


| 3830.04. . 
| 3830.80. . 


3831.73. . 


| 3832.34. . 


3832.88. . 


| 3833.12... 
|| 3833.34... 
* 


3839.28. . 
3839.61. . 
3839.78. . 
3840.46. . 
3840.76. . 
3841.08. . 
3841.25. . 
3841.50. . 
3841.86. . 
3842.05. . 
3842.61. . 
3842.95. . 


3843.05. . 
3843.27. . 


|| 3843.71... 


3843.98. . 
3844.24. . 
3844.40. . 
3844.58. . 


3844.92... 
3845.18. . 





* No measures, owing to a defect in the plate. 
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CN 0, 0 R 2.29 

V 1 2.89 (15), Fem 2.74 (3) 

Mn 13.51 (20), Cr 13.52 (12) 

Mn t 3.89 (10) 

Fet 4.07 (1) 

Fer 4.31 (2), CN 1, 1 R 4.36 

Fe 4.44 (50) 

Fe 4.91 (4) 

Fe 5.40 (1), Cr1 5.39 (20) 

Fe 5.88 (200) 

Crt 6.42 (40) 

Fei 6.63 (Pr) 

Fe 6.84 (1) 

Fe 11 7.08 (4) 

Zr 7.27 (1) 

Fe1 7.57 (1), (Fe 1 7.67 (Pr)) 

Fe 7.82 (75) 

CN 0,0 R 8.18,CN 1,1 R 
8.18, Ti1 8.18 (3) 

Fet 8.51 (1), V 1 8.56 (60) 

Mgt 9.36 (40) 

Fe1 9.77 (2), Mn 9.68 (5), 
CN 0,0 R 9.62 

Cr 10.03 (50) 

Fe1 0.76 (1), Fe1 0.85 (1) 

Nit 1.69 (20),CN 1,1R 1.85 

Mgt 2.30 (80) 

Y 11 2.89 (100), Ni1 2.87 (5) 

Se 1 3.06 (3), Ti1 3.19 (4), 
(Fe 11 3.02 (Pr)) 

Fet 3.31 (5) 

H9 5.39, Mgt 8.29 (100), 
Fet 4.22 (100) 

Fet 9.26 (7) 

Fe1 9.63 (2) 

Mnt 9.78 (8) 

Fe 1 0.44 (80) 

V 10.75 (60), (Cr 10.70 (4)) 

Fe1 1.05 (80), Mn1 1.08 (10) 

Cri 1.28 (50) 

Cot 1.46 (5) 

(CN 0, 0 R 1.73) 

Cot 2.05 (30), Cr1 2.03 (10) 

Cr 1 2.66 (1) 

Fe 2.98 (1), Fe1 2.90 (Pr), 
CN 0,0 R 2.99 

Zr t1 3.03 (30), Sc 11 3.00 (4) 

Fet 3.26 (8) 

Fe 3.72 (Pr), Cot 3.69 (4) 

Mnt 3.98 (7) 

CN 0,0 R 4.23, Ni1 4.28 (3) 

V 1 4.44 (20) 

Nit 4.58 (3), (Gd u 4.58 
(125)) 

CN 1,1 R 5.02, (V 14.89 (4)) 

Fet 5.17 (5), Fem 5.18 (3), 
Fe 5.22 (Pr) 
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3845.48. || 


3845.72. .| 
3846.00. .| 
3846.42. . 
3846.81. . | 
3846.89. | | 
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3847.80. . 
3847.88. . | 
3848.28. 


3848.54 
3848.99 
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3849.36. || 
3849.56. || 
3849.98. . 
3850.48. . 


3850.82 


3851.30. . 
3851.75. .| 


3853. ‘15. | 


3853.41. .| 
3853.70. . 
3853.99. .| 


3854.24 


3854.36. .| 
3854.55... 
3854.87. .| 


3855.33. .| 


3855.58. .| 


3855.86. .| 
3856.04. . 
3856.40. | | 
3857.04. .| 


3857.26. . 


| 


3857.64. .| 


3857.90. . 
3858.31... 
3858.87... 
3859.24. . 


3859.50. | | 
3859.93. . | 
3860.56. . | 
3860.97. . | 
3861.16. 


0 
10n 
1 
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; | 1 


NRO NR NR DO DO tO fO 
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NO = DO bo bo 


NR Re ee RO te 


| Co1 5.47 (60), 


| Ce 1 8.60 (150), 


Cr 1 8.98 (40) 
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5.45 


| Fer 5.69 (1) 
| Fe1 6.00 (1) 
| Fer 6.41 (2), 
| Fe 1 6.80 (8) 
| Fe1 6.95 (1 


Tit 6.44 (6) 


), CN 1,1 R 6.96 


V 117.32 (100), V 1 7.32 (20) 


| CN 0,0 R 7.84 
GN 1, R02 
), Fe1 8.30 (Pr), 


Mg 11 8.24 (7 
(Vd 11 8.23 (50)) 

Nd ut 8.52 

(80) 


Cri 9.36 (50) 
Cr 19.53 (40), Nim 9.58 (2) 
Fe 19.97 (40), Cr 1 0.04 (50) 
Mg 11 0.40 (6) 


| Fe1 0.82 (12) 


Cri 2.22 
CN 0, 0 R 2.39, CN 1, 


CN 0,0 R 1.28 

Nd 1.75 (60), 
(200)) 

(30) 


2.39, Gd 11 2.47 (150) 


| Fer 2.57 (6) 


| Tz#1 3.72 (10), 
| Cri 4.22 (50), 


| Crit 4.86 (2), € 
Fe1 5.33 (1), Vi er 


| 


| V1 5.84 (60), Fer 
| Sz 6.02 (8) 


E Fe 19.21 (10), 


Ti 1 3.04 (10) 

Cri 3.18 (12), Ce 1 3.16 
(125), Zr 11 3.07 (2) 

Fet 3.46 (1) 

Siu 3.66 (3) 

CN 1,1 R 4.06 

(Sm u 4.21 
(300) ) 

Fe 14.38 (1), C 

CN0,OR 4, 5 


e 114.32 (100) 
i 
& Fee 
4.85, Pr 4.90 (100) 
37 (30), 
Crit 5.29 (12) 
Crt 5.57 (30), CN 0,0 R 
5.62, CN 1,1 R 5.62 
5.85 (1) 


Fe 6.37 (50) 
Cr ur 6.93 (2) 


| Crit 7.19 (1) 


ae 7.63 (20), CV 0,0 R 
7.90 
0) 
15) 


se 
) (4 
( 


3 
.90 
Mg 19.24 (1) 
| (Sc 11 9.36 (Pr)) 

Fe1 9.91 (300) 

CN 0, 0 R 0.63 

| Feu 0.92 (3) 

Cot 1.16 (20) 


CN 0,0 R 


(Pru 1.62 | 
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3861.61... 


3862.00. . | 


3862.59... 
3863.06. . 
3863.39. . 


| 3863.74. .| 


3863.98... 


3864.13. . 
3864.30. . 


| 3864.49. . 


/CN0,0R9.01 | 


| 3864.89. . 
3865.17. .| 


| 3865.53. .| 


3865.98. . 


3866.15. . 


3866.47. . | 


| 3866.82. . 


1R | 


3867.23... 


| 3867.58. .| 


| 3867.94. . 
| 3868.04. . 


| 3868.23. . 
3868.44. . 


3861.37..| 3 





| 3868.70. . | 
| 3869.05. .| 
| 3869.14. .| 
| 3869.34. .| 


| 3869.60. . 
| 3869.88. . | 


| 3870.17. .| 
3870.50. . 








3870.83. . | 


3871.19. . 
3871.36. . 
| 3871.64. .| 


| 3871.75. .| 
3872.10. . 


RKMR NHKWNHNHNHNH NHN! FZ 


_ 


| Fe 113.95 (1), CN 
| Fe 4.31 











Identification 


Sim 2.59 ( 
Nit 3.07 (5) 
CN 0,0 R 3.39, Fe 11 3.41 (1) 


| Fe1 3.74 (2), Vm 3.81 (60), 


Fe 3.70 (Pr) 

1,1 P 4.03 
Mot 4.12 (1000) 

(Pr), CN 0,OR 
4.30 


| Lam 4.49 (100), CV 0,0 P 


4.53, CN 1, 1 P 4.53 
1 4.86 (35) 
70,0 R 5.15 
), Cr 11 5.59 (75) 


)R 5.99, Crit 6.01 


Ti1 6.45 (15), Cru 6.54 (7) 

CN 0,0 R 6.82, V u 6.74 
(60) 

Fer 7.22 7) 

V 1 7.60 (15) 

62, CN 
92 ( 

Ae es £.00, CN 1,1 


, CN OO 
,LP ES 
I 


Fet 8.24 (1) 

Ti W; 10), CN 0,0R 

1 P 8.45 

CN 0, OP ae CN 1,1P 
8.72 

CN 1, 1 P 9.04, (Nd 11 9.04 
(30)) 

CN 0,0 R 9.18, CN 1,1P 
9.13 

CN 0, 0 P 9.37, CN 1,1P 
9.33, Ti1 9.28 (5) 

Fer 9.56 (2), Fe1 9.61 (1) 

CN 0,0 R 9.92, CN 1,1P 
9.83, CN 1, 1 P 9.92 

Cri 0.27 (25), CN 0,0 P 
0.11, CN 1,1 P 0.15 

Cat 0.51 (2), Co1 0.53 (4) 

CN 0, 0 P 0.84, CN 1,1P 
0.88 

CN 1, 1 P 1.24, CN 1, 23 

1.13, (V1 1.08 (8)) 

CN 0,0 R 1.377, Band head 

CN (1, 1) 1.44 

Lau 1.64 (200), Nit 1.60 
(3), CN 0,0 P 1.53 

Fe 1.75 (4) 

Dy 11 2.10 (600), 
2.06 


CN 0,0R 





t Wa ave length computed by fonda. 
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3872.50. . | 
3872.77. .| 


3872.93. . 


3873.13. .| 
3873.29. . | 


3873.59. .} 
3873.77. .| 
3873.98. .| 
3874.03. .| 
3874.51. .| 
3874.80. .| 

| 
3875.08. . 
3875.28. . 
3875.55. . 
3875.79. .| 
3876.05. .. 
3876.31. . 
3876.47. . 
3876.66. . | 
3876.86. .| 


3876.96. . | 
3877.24. . 
3877.42. .| 


3878.01. . | 
3878.30. . | 


3878.66. 


3879.22. . 
3879.61. .| 
3879.97. . | 
3880.38. . | 
3880.77... | 
3881.07. . | 


3881.22. .| 
3881.32. _| 
| 
| 


3881.60. . 
3881.91. .| 


3882.08... | 
3882.31... | 
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Fe t 2.50 (60) 


| Feit 2.76 (Pr), CN 0,0R_ || 


2.74, (V 1 2.75 (4)) 
Fe 12.92 (1), Fe 1 2.98 (Pr) 
CN 0, 0 P 2.96 
Co1 3.12 (60) 
Tit 3.20 (10), CN 0,0 R 
3.37 | 
CN 0,0 P 3.53, Cr m 3.51 (2) || 
Fe1 3.76 (8) } 
Cot 3.95 (40) } 
Fer 4.05 (1) 
Cr 14.57 (40), Cr 11 4.41 (Pr) || 
CN 0, 0 P 4.76, Cru 4.76 | 
(Pr) 
V 15.08 (35), Cr1 5.14 (10) 


| Ti 15.26 (20), CN 0,0P 5.34|| 
| Sm 11 5.54 (200) | 
| Ca1 5.81 (4), CV 0,0P 5.77 || 


Fet 6.04 (4) 
CN 0, 0 P 6.32 
CN 0,0 P 6.45 | 
Fei 6.67 (1) 
Cot 6.83 (20), CN 0,0 P 
6.84 
CN 0, 0 P 6.97, (Cem 6.97 | 
(15) | 
Prit 7.22 (200), Crit 7.26 | 
(2) | 
CN 0,0 P 7.48, CV 0,0P || 
7.35 | 


| Fert 8.02 (60) 


Y 11 8.28 (20), CV.0,0 P | 
8.30, Ce 11 8.37 (150) | 

Fe 18.58 (100), Fe 1 8.68 (8), || 
V 1 8.72 (300), Fer 8.74 || 
(2), Mgt 8.58 (1) 

Cr 19.22 (50), CN 0, 0 9.28, | 
CN 0,0 P 9.18 

CN 0, 0 P 9.58, CN 0, 0 P 
9.68 

CN 0, 0 P 9.96, CN 0, 0 P 
0.06 

CN 0, 0 P 0.42, CN 0, 0 P 
0.33 

CN 0, 0 P 0.76, CN 0, 0 P 
0.67, (Nd 11 0.78 (40)) 

CN 0, 0 P 1.08, CV 0,0 P 
1.00 

Crt 1.21 (40) 

CN 0, 0 P 1.37, CN 0,0P | 

3 | 

6 


N 
1. 
V 0,0 P 1.59, CV 0,0P | 
4 | 


ue 


C 
| Co 11.87 (25), Cr 11.86 (10), | 


Zr tt 1.97 (7), (Nir 1.92 | 
(1)) 


CN 0, 0 P 2.10, CN 0,0 P 


2.17, Tit 2.15 (15) 
Ti 11 2.28 (Pr), Tit 2.31 (19) 


ny 


| 3882.52... 
3882.95. . 


3883.30. . 
3883.68. . 
3883.97. . 
3884.35. .| 
3884.64. . 
3884.85. . 
3885.19. . 


3885.52. . 
|| 3885.72. .| 
3885.94. .| 
3886.30. . 
3886.80. . 
3887.08. .| 
3887.85. . 


3888.51. | 
|| 3888.81. .| 
|| 3889.14. . 
|| 3889.69. .| 
| 3890.02. . 


3890.23. . 
| 3890.40. .| 
3890.65. . | 
|| 3890.86. . | 
3891.19. . 


3891.51... 
3891.80. . | 
3891.94. . 
3892.29. . 
3892.58. . 
3892.94. | 


3893.37. 


3893.63. . | 
3893.96. . 
3894.04... 


3894.50. . 
3894.68. . | 


3894.99. _| 
3895.22. _| 


3895.47. .| 
3895.67. . | 
3896.14. | 


3896.48. . | 
3896.78. . | 
3897.28. . | 
3897.46. . | 
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P 2.58, CN 0,0 P 

‘ert 2.45 (75) 

ae CN 0,0 P 
V 0,0 P 2.85, Tit 


(4), Cri 3.29 (60) 
66 (20) 
Fe t 4.36 (3) 
Fet ry (1), Cor 4.60 (10) 
V rr 4.85 (50) 
Cr15.22 (40), Fe1 5.15 (1), 
Crt 5.08 (20) 
Fert 5.51 (5) 
| Fer 5.76 (Pr) 
| Fer 5.94 (Pr) 
Fet 6.28 (40) 
Cri 6.79 (50) 
Fet 7.05 (15) 
| Tir 8.02 (4), 
(30)) 
| Fer 8.52 (20), Fer 8.42 (1) 
| Fer 8.82 (3) 
| H 89.05 
| Ni1 9.67 (15) 
Cet 9.99 (300), Fer 9.93 
(1), Sm 11 0.08 (200) 
| V1 0.18 (25), Mg 1 0.24 (3) 
Fe1 0.39 (1) 
| (Nd 11 0.58 (50)) 
| Fer 0.84 (2) 
| (Sm 11 1.21 (100)), (V1 1.23 
is 2y) 
| Baw 1.78 (50) 
| Fer 1.93 (3) 
| (Crit 2.14 (4)) 
| (Mn 1 2.62 (1)) 
Fet 2.98 (1), Fer 2.89 (1), 
V 1 2.86 (25) 
| Fer 3.39 (7), Fer 3.32 (1), 
Mg 1 3.38 (3) 
Fe 3.92 (2) 
Co 14.07 (60), Cr 1 4.04 (40), 
Fe 4.00 (2) 
Fe 4.49 (1) 
Gd u 4.71 (200), 
(40) 
Co 1 4.98 (20) 
Ti 1 5.24 (30), Cr 11 5.16 (2), 
Crim §.12 (1) 
Fet 5.45 (1) 
Fe1 5.66 (25), Mg 1 5.66 (10) 
Vu 6.16 (60), Ferm 6.11 
(Pr), V 1 6.16 (6) 
Ce 11 6.80 (100) 
(Tit 7.29 (1)) 
Fe1 7.45 (2) 


pe 


SB 


(Nd 1 7.87 


Nd u 4.63 
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A Int. | N Identification r N Identification 
3897.90..| 4 | 2! Fe1 7.90 (8) 3912.30..; 3 | 2 | Tim2.32 (Pr), Ni12.31 (8), 
3898.02..| 5 | 2) Fer 8.01 (10) | V1 2.21 (10) 
3898.46..| inn) 2) Co1 8.48 (4), Tir 8.49 (8), || 3912.94..| 1 | 2 | Prat 2.90 (125), Nir 2.98 

| Crit 8.49 (1) (5) 
3899.08..| 8 | 2 | V119.14 (200), Fe1 9.04 (2) || 3913.24..; 0 | 1 | Crim 3.20 (2) 
SE, OM, OMe Se ee ee ‘| 3913.47..| 8b | 2] Tim 3.46 (60) 
3899.73..| 10 | 2) Fer 9.71 (30) 3913.62..| 4b | 2 | Fer 3.64 (4) 
3900.04..| Ob | 1) (Crm 9.95 (2)) 3913.98..| O | 1 | Cri 3.96 (1) 
3900.20..| 1b | 2) V10.18 (6), Nd 1 0.23 (60) || 3914.30...) 5 | 2] Var 4.33 (250), Tir 4.33 
3900.55..| 11 | 2 | Tim 0.55 (70), Fe1 0.52 (2) (35), Fer 4.27 (1), (2rm 
3900.82..| in | 2 | (Cri 0.81 (1)) 4.36 (7)) 
3901.15..| On | 2 | Vr1.15 (6) |} 3914.51..| 4 | 2 | Fem 4.48 (2), Nir4.51 (2), 
SEE ag & 5 Sit ep Nee (Fe1 4.43 (Pr)) 
3901.87..| 2 | 2 | Ndi 1.85 (50) || 3914.96..| On | 2 | Fer 4.73 (1), Crr 4.96 (4) 
3902.25..| 1 | 2 | V12.25 (50) | 3915.24..| 2 | 2] (Cri 5.30 (Pr)) 
3902.39..| O | 1 | Gd1r 2.40 (150) | 3915.48..| 1 | 2] (Tim 5.43 (Pr)), (Crm 5.58 
I EE rar ce oe 2 Sa | 1 
3902.96..| 9 | 2 | Fer2.95 (20), Cr12.92 (50), || 3915.61..) 1 | 2 (Sc 1 5.60 (Pr)) 

| * (Mot 2.97 (50)) || 3915.89..| 3n|2| Zrm 5.94 (25), Cri 5.84 
3903.26.. 4 | 2! Var 3.27 (250), Cri 3.16 | (40), La 11 6.04 (300) 

|. | ee || 3916.25..} 1 | 2 | Cr1 6.24 (25) 
3903.58..| O | 1) (Smut 3.42 (500)) 3916.41..| 4 | 2| Vm 6.42 (200) 
3903.90..| 8 | 2 | Fe 3.90 (5) | 3916.73..| 5 | 2] Fe16.73 (6) 
3904.18..| 1 | 1 | (Crm 4.15 (1)) || 3917.18..| 6 | 2 | Fer 7.18 (8), Cor 7.12 (8) 
ERIS 3. aisle dl RR oR ee RS, || 3917.37..| 1 | 1] (Smut 7.44 (200)) 
3904.62..| 1 | 1 | Nir 4.64 (Pr) || 3917.66..| In | 1 | Crx 7.60 (15) 
3904.80..) 4 | 2 | Tir 4.78 (40) eR Ge a eae 
3905.18. .| 0 | 2) Fer 5.19 (Pr) || 3918.36..} 7n | 1 | Fer 8.42 (4), Fer 8.32 (3), 
3905.55..| 12 | 2 | Six 5.53 (100), Crit 5.64 | (Fem 8.51 (Pr)), (Mnt 

| (25) 8.32 (3)) 
3905.90... 1 | 2 | Nd11 5.89 (100), (Cri 5.88 |} 3918.64..| 6 | 1] Fer 8.64 (6) 

| _ (Pr)) | 3919.12../ 7 | 1] Cr19.16 (100), Fe 1 9.07 (3) 
3906.04..| 1 | 2 | Fer 6.04 (5) | 3919.76..| Inn} 1 | Cem 9.81 (100), 7719.82 (5) 
3906.32..| 1 | 2 | Co1 6.29 (10) || 3920.27..| 8 | 1 | Fer 0.26 (20) 
3906.49..| 7 | 2 | Fer 6.48 (8) || 3920.64..; 1 | 1] Fer 0.64 (1) 
3906.75..| 4 | 2 | Fer 6.75 (2), (V1 6.75 (6)) || 3920.85..| 3 | 1 | Fer 0.84 (1) 
3906.98..; 1 | 1 | Fer 6.96 (Pr) 3921.05..| 4 | 1] Crr 1.02 (50), Zrm 1.02 
3907.13..| in | 2 | Zu 17.10 (3000) (Pr) 
3907.48. .| 3 | 2/ Fer 7.46 (1), Sct 7.48 (75) || 3921.25..] 1 Fet 1.27 (1) 
3907.70..} 1 | 2) Tim 7.65 (Pr), Cri 7.78 (7) || 3921.54..} 1 Law 1.54 (200), Tir 1.42 
3907.94..| 5 | 2| Fer 7.94 (4) (30) 
3908.42..| Inn 2 | Pri 8.43 (200), Cem 8.41 || 3921.75..| 1 | 1 | Mnr 1.76 (3), Cem 1.73 

| (125), Cem 8.54 (100), 100 

| | (Fem 8.54 (Pr)) 3922.07..| 1 | 1 | Fer 2.09 (Pr) 
3908.76..| 4 | 2 | Cr1 8.76 (100) 3922.42..| 1 | 1] V12.43 (12), Sm 1 2.40 
3908.93..| 2 | 2| Nir 8.93 (8) (800) 
3909.26..| 1 | 2} Cri 9.25 (Pr), Cem 9.31 3922.70..| 1 |} 1 | Co12.76 (7) 
| (35) 3922.93..| 10 | 1 | Fer 2.91 (25) 

RT SR gt tle 2 ee ee 3923.43..) 1n | 1 | 7113.39 (Pr); Sc 11 3.50 (2) 
3909.67..| 4 | 2| Fer 9.66 (1) 3924.12..| inn} 1 | Mn1 4.08 (3), Ni1 4.18 (Pr) 
3909.85..| 4b; 2 | Fer 9.83 (3), V19.89 (20) || 3924.52..| 3 | 1] Ti1 4.53 (50) 
3909.93..! 2b | 1 | Co1 9.93 (15) 3925.20..| 4 | 1] Fer 5.20 (1) 
SEE G'S Otani ak Ee tae? 3925.64..| 5 | 1] Fer 5.65 (4) 
3910.52..| 2 | 2| Fer 0.54 (Pr) 3925.99..| 6 | 1] Fer 5.95 (6), Fer 6.00 (1) 
3910.86..| 3 | 2| Fer 0.84 (3) 3926.26..| O | 1] Tix 6.32 (10) 
3911.01..| 2 | 2| Fer 1.00 (1) 3926.46..| 2 | 1] Mn1 6.47 (10), V1 6.50 
3911.20..| O | 1 | Ti1r1.18 (8), Nd 1 1.17 (60) (10) 
3911.32..| in| 1 | Cri 1.32 (3)  * Se & ot ieee eee ec 
3911.46..| O | 1 | (Crim 1.54 (2)) 3927.93..| 8b | 1 | Fer 7.92 (30) 
3911.77..| 1 | 2 | Scr 1.81 (100), Fer 1.70 (1) || 3928.05..| 5b | 1 | Fer 8.08 (1) 
3911.98..| 2 | 2 | Cr1r 1.95 (10) 3928.30..} 1 | 1 | Smur 8.28 (400) 
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3028.65. .| 
3028.89. _| 
3029.18. 


3929.32. . | 


3029.72. .| 
3029.89. 

3030.32. _| 
3931.13. .| 
3033.76... 
3035.83. . 
3936.12. .| 
3036.43. _| 
3036.67. _| 
3037.31. 
3037.58. | 
3037.98. _| 
3038.36. .| 
3038.93. _ 
3939.65. 
3040.04. _| 
3040.31... 


3940.89... 
3941.27. . | 
3941.50. .| 


3941.76. .| 
3041.85. .| 
3042.15. | 
3042.42. | 
3042.78. .| 


3943.11... 
3943.35. . | 
3943.53. . 
3944.02. . 
3944.33. . 
3944.71... 
3944.91... 
3945.18. . 


3945.56. . 
3945.86. . 
3946.52. . 
3947.00. . 
3947.39. 
3947.53... 
3947.74. . 
3948.10. . 
3948.75. . 
3948.89... 


3949.15... 
3949.60. . 
3949.96... 
3950.36. . 
3950.74. . 
3951.15. . 
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Identification r | Int. | N Identification 
Cr 1 8.64 (60) | 3951.59...) In | 1 | (¥ 1.59 (5)) 
TE ale GOR ere ae 3951.95. 5 | 1! V1 1.97 (500) 
Fet 9.21 (1), Lam 9.22 | 3952.16..| 0 | 1 | Nd 2.20 (100) 
(300), Ti 1 9.15 (Pr), | 3952.34..| O | 1 | Cor 2.33 (8), Crt 2.40 (15) 
Fer 9.11 (1) | 3952.65..| 8 | 1 | Fer 2.61 (8), Fer 2.70 (1) 
(Zr 1 9.54 (8)), (Cri 9.52 || 3952.95..; 3 | 1 | Cor 2.92 (25) 
1)) | 3953.17. . 4 | 1| Fer 3.16 (4), Cri 3.16 (18) 
V 1 9.73 (50) | 3953.52..| 2 | 1] Pr 3.52 (125), Nd u 3.52 
Ti 1 9.88 (40) (60), Fe 1 3.50 (Pr) 
Fe 1 0.30 (25) 3953.68..| 0 | 1 | Cem 3.66 (12) 
Fe 1.12 (3), Ce 1 1.09 (125) || 3953.87..| 3 | 1| Fer 3.86 (1) 
Ca 11 3.66 (400 Meeeae: | 2 1440 oye. a ,aeeeae 
Fet 5.82 (8), Fem 5.94 (6) || 3954.72..| 2 | 1] Fer 4.72 (1) 
Zr ut 6.07 (7), Cr 6.13 (1) |) 3955.33..| 7 | 1 | Fer 5.35 (3) 
ie es Rae I Setane 3955.67..| 1 | 1] (Fer 5.77 (Pr)) 
(Fe1 6.77 (Pr)) 3955.96..| 5 | 1] Fer 5.96 (2) 
Fe 7.33 (3) | 3956.33..| 3b | 1] Tir 6.34 (60), Cem 6.28 
Crit 7.61 (1) | (150) 
Tit 8.00 (2) | 3956.45..| 4b | 1 | Fer 6.46 (9) 
Mgt 8.40 (0), Fe 1 8.29 (2) || 3956.69..| 5 | 1 | Fer 6.68 (12) 
Fe 11 8.97 (4) | 3957.02..| 5 | 1] Fer 7.03 (4), Cat 7.05 (10) 
EARN Bile Nt ER HS Bact ER ae bE ar eee. 
Fe1 0.04 (1) | 3057.65..| 2 | 1| Fe17.62 (1), Fem 7.66 (Pr), 
Tin 0.32 (Pr), Cem 0.34 || Gd u 7.68 (150) 
(100) | 3957.95..| 1 | 1 | Cor 7.93 (15) 
Fe1 0.88 (5), Cor 0.89 (12) || 3958.21..| 4 | 1 | Ti18.21 (80), Zr 118.24 (50) 
| Fer 1.28 (3) FR ES ee ieee 
Crt 1.49 (60), Mom 1.48 |) 3959.24..| 1n | 1 | (Sc 1 9.36 (Pr)) 
| (10 |, 3959.53..| On| 1] Fer 9.45 (Pr) 
Co 1 1.73 (20) | 3959.88..| 1n | 1] (Crit 9.73 (1)) 
Zr ut 1.92 (3), Nit 1.86 (1) |) 3960.28..| 3 | 1 | Fer 0.28 (1) 
Cem 2.15 (125) | 3960.61..| 0 | 1 | (Cr1 0.76 (5)) 
Fet 2.44 (6) | 3960.88..| 1 | 1] Fer 0.90 (3), Ce1r 0.91 
Cem 2.75 (150), Mnt 2.86 || (125) 
(2) | 3961.16 3 | 1} Fer 1.15 (2) 
UPR eta sas AL Tan eer 3961.53..| 10 | 1 | Al1 1.52 (10) 
Fe 3.34 (2) 3962.11..| 2 | 1| Nar 2.12 (3), (Cri 2.19 (3)) 
AE ERE Corr nae’ 3962.38..| 3 | 1] Fer 2.35 (2), Fer 2.40 (Pr) 
Alt 4.01 (10) | 3962.70..| O | 1| Fer 2.65 (Pr) 
ERAT ee rs 4 3962.86..| 2 | 1] Tir 2.85 (35) 
| Fe1 4.75 (2), Dy 14.69 (600) || 3963.11..| 4 | 1} Fer 3.11 (6) 
Fe1 4.89 (3) 3963.44..| 1 | 1] Fer 3.43 (Pr) 
Fer 5.12 (4), Co1 5.33 (15), || 3963.69..| 3 | 1 | Cr1 3.69 (100) 
Feu 5.21 (Pr) 3964.24..| 2n| 1] Ti1 4.27 (35) 
Crt 5.50 (9) | 3964.54..| 3 | 1| Fer 4.52 (3), Fem 4.57 (Pr) 
Crt 5.97 (10) | 3964.92..| 1n | 1 | Prat 4.82 (250) 
Sm 11 6.51 (200) | 3965.18..| On | 1 | Pri 5.26 (150) 
Fe 7.00 (4) | 3965.52..| 3 | 1] Fer 5.51 (1), Fer 5.43 (1) 
| Fer 7.39 (1) | 3966.06..| 5 | 1 | Fer 6.07 (10) 
Fet 7.53 (5) | 3966.61..| 4 | 1] Fer 6.63 (10), Fer 6.53 (1) 
Tit 7.77 (40) | 3967.43..| 0 | 1 | Fer 7.42 (8) 
Fer 8.10 (6) | 3968.60. .| 80nn| 1 | Cam 8.47 (350) 
Fe1 8.78 (10), Tit 8.67 (60) || 3969.28..| 1 | 1] Fer 9.26 (30), Fem 9.38 
Cat 8.90 (6), (Tim 8.93 || (Pr), Fe 1 9.40 (Pr) 
(Pr)) | 3970.13..| 3n | 1 | He 0.08, Cr1 9.75 (70), Fer 
Fe19.16 (1), La 119.10 (600) || 0.39 (4) 
Cr 1 9.64 (8) || 3971.32..| 3 | 1] Fer 1.32 (9), Cri 1.26 (20) 
Fe 9.95 (10) || 3971.63 1 | 11] Cer 1.68 (100) 
Y 11 0.35 (200) 3971.84..| Ob | 1] Fer 1.82 (1) 
Fe 0.80 (Pr) 3971.98..| 1b | 1 | Zui 1.98 (4000) 
Fet 1.16 (9), Crt 1.10 (10) 




















3972.17... 


3972.56. . 
3972.88. . 


3973.20. .| 


3973.64. . 


3973.91. .| 


3974.18... 
3974.44. . 
3974.72. . 


3975.16. . 


3975.40. . 
3975.66. . 
3975.86. . 
3976.13. . 
3976.38. . 
3976.64. . 
3976.87. . 
3977.16. . 


3977.76. .| 


3978.15. . 
3978.42... 
3978.67. . 


3979.16. . 
3979.54. . 


3979.98. . 
3980.62. . 
3981.09. . 
3981.63. . 
3981.78. . 
3982.01. . 
3982.26. . 
3982.59. 

3983.03. . 
3983.33. 

3983.56. . 
3983.95. . 
3984.16... 
3984.34. . 


3984.67. .| 


3984.95. . 
3985.38. . 
3985.82... 


3986.19. . | 


3986.36. . 


3986.76. . | 
3987.09. .| 


3987.62. . 
3988.04. . 
3988.23. . 
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Identification 


1 | N#1 2.17 (10), Pr 1 2.16 


(100) 
Co1 2.51 (6), Cat 2.57 (1) 
Fet 2.92 (1) 
Co1 3.14 (10), Nd 1 3.27 
(80) 


V 1 3.64 (300), Fe 1 3.66 (3), 
Cat 3.71 (12), Nz 3.56]| 


(25) 
antic) 
Fet 4.40 (1) 


Co 14.73 (10), Ni 14.65 (10), 


Fer 4.76 (1), Fet 4.64 
(Pr) 
Fer 5.21 (1), Fem 5.03 (2) 


| (Cor 5.32 (3)) 


Ti1 5.69 (Pr) 


| Fer 5.84 (1) 


| Crt 6.66 (100), Fe 1 6.62 (4) 


Fe 6.39 (1) 


| Fe1 6.86 (1) 


Cot 7.18 (3) 


| Fer 7.74 (12), Vu 7.73 


(60) 


Fer 8.46 (1) 


Cr 18.68 (18), Co 1 8.65 (10), 


Ce 11 8.65 (125) 


| Fer 9.12 (Pr) 


Crit 9.51 (20), Cor 9.52 


(10), Fer 9.63 (1), (Nd 1 


9.48 (60)) 


Fe1 0.65 (1) 


Fer 1.10 (1), Cri 1.23 (15) || 


Feu 1.61 (Pr) 


Fer 1.78 (7), Tit 1.76 (70) || 
Tit 2.00 (tr), Zr ur 2.01 (3) 


(Nd 11 2.36 (20) 
Y 1 2.59 (150) 
(Ce u 2.90 (60)) 


| Fer 3.35 (1) 


| Fe1 3.96 (10), Cr1 3.91 (100) || 


Nit 4.14 (8) 


| Cr1 4.34 (25), V1 4.34 (6), 


| Cet 4.68 (100), V 1 4.60 (6), 


Tit 4.31 (3) 
Zr ut 4.76 (4) 


| Fer 4.94 (Pr) 


Fe 5.39 (3), Fer 5.32 (Pr) 
V 1 5.78 (30), Fe 1 5.93 (Pr) 


| Fer 6.18 (5) 


| Fe1 6.30 (Pr), Mn 1 6.40 (2) 
| Mgt 6.75 (1) 


Co17.12 (6), Ni1 7.09 (2) 


| Tz 11 7.63 (Pr) 
| Yb1 7.99 (1000) 
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r 
3988.50. . 
3989.02. . 
3989.44. . 
3989.80. . 
3990.08. . 


| 3990.38. . 

3991.12... 
3991.42... 
3991.73... 
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3992.28. | 


| 3992.83. .| 


| 3993.12. . 
|| 3993.65. . 


3993.97. .| 


3994.11... 


|) 3994.61. . 


| 3995.30. . | 
3995.75. . | 


|| 3096.76. .| 


|| 3996.99. . 
|) 3997.11... 
| 3997.41... 


'| 3997.92... 
|| 3998.07... 
3998.50... 


3998.64. . 


|) 3008.99. | 
3999.26. .| 


}} 

3999.65. . 
3999.95. . 
4000.28. . 
|| 4000.48. . 


| 4001.14. . 
4001.42. . 
4001.68. . 
| 4002.08. . 
4002.52. . 


| 4002.94... 
| 4003.29... 

4003.49. 

4003.76... 
| 4004.25. 
| 
| 


4004.89. . 
4005.27. . 





| 4005.97. . 


| 4000.83. . | 


| 4005.71. . | 


3996.00. . | 
|| 3996.28. | 
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Identification 


| Law 8.51 (500) 

Sc m 9.06 (2) 

Ce 1 9.44 (30) 

Tit 9.76 (80), Fe 1 9.86 (2) 

Crt 9.99 (15), Sm u 0.08 
(200), (Nd 11 0.10 (60)) 

Fer 0.38 (2) 

Zr 11 1.14 (40), Cr 1 1.12 (80) 

(Cot 1.53 (4)) 

Cri 1.67 (25), Nd 1 1.74 
(80), Cor 1.68 (6) 

Fet 2.40 (1), Cem 2.39 
(125), Cri 2.11 (4) 

Cri 2.84 (30) 


—.., 





Cri 3.97 (15), Cem 3.82 
(200), Nit 3.95 (3) 

Fe 14.12 (2), (Fe 14.27 (Pr)) 

Co 1 4.54 (6), Nd 11 4.68 (80), 
Tit 4.68 (4) 

Cot 5.31 (60), Fer 5.20 (1) 

Lat 5.74 (400) 

Fet 6.00 (4) 

Fer 6.26 (Pr), Fe 1 6.36 
(Pr) 

Fet 6.79 (Pr) 

Fet 6.97 (2) 

V u 7.13 (200) 

Fer 7.39 (15), Fer 7.49 


Co1 7.90 (40) 

Fe 8.05 (10) 

Fet 8.48 (Pr) 

Tit 8.64 (100) 

Zr 11 8.98 (30) 

Cer 9.24 (500), V m 9.20 
(30), Tit 9.34 (7) 

Crt 9.68 (7) 

Fe 10.02 (1) 

Fe1 0.27 

Fe1 0.47 
(800) ) 


(1) 
(2), (Dy 11 0.45 


Cri 1.44 (25) 

Fer 1.67 (5) 

Fe 1 2.07 (2) 

Fe 2.55 (3), Fe1 2.66 (1), 
Cru 2.48 (5), Tir 2.47 
(9) 

V mt 2.94 (80) 

Cr 3.33 (25) 

Fet 3.76 (2), Tit 3.79 (10), 
Ce 11 3.77 (100) 

Fer 4.15 (Pr) 

Fer 4.83 (1), Fe1 4.98 (1) 

Fer 5.25 (25) 

V or 5.71 (800) 

Tit 5.95 (6) 
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4006.16. . 
4006.33. . 
4006.70. . 


4006.99. . 


4007.28. . 


4007.66. . 
4007.95. . 
4008.19. 


4008.46. . | 
4008.89. . | 


4009.17... 


4009.50. . | 
4009.72. . | 
4009.93. . | 
4010.18. . | 


4010.41. . 
4010.59. 


4010.80. . | 
4010.97. .| 
4011.42. . 


4011.72 
4011.97 
4012.40 


4013.24. . 
4013.64 
4013.83. . 
4014.24. . 
4014.54 


4014.93. . 


4015.13. . 


4015.46. 

4015.58. .| 
4015.96. . | 
4016.19. _| 
4016.43. . 


4016.79. . 
4017.15... 


4017.52. .| 
4017.79. .| 
4018.10. . 
4018.28. . | 
4018.59. | 
4018.85. | 
4019.08. .| 
4019.58. | 
4020.06. . | 
4020.28... | 


4020.48. . 
4020.91. . 


4021.33. .| 


4021.62. 

4021.89. . 
4022.27 

4022.50. . 
4022.75... 
4023.02... 
4023.39. . 
4023.69. . 
4024.07. . 
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Identification 


Fet 6.16 (Pr), Nz1 6.14 (3) 
Fei 6.31 (3) 

Fet 6.63 (2), Fet 6.77 (1) 
(Cr 11 7.04 (Pr)) 


| Fe1 7.28 (6), Fe1 7.23 (1) 


| Fei 7.72 (Pr), Cru 7.56 (2) 


Tit 8.05 (9) 

V iu 8.17 (20) 
(Sc m1 8.41 (Pr)) 
Tit 8.93 (35) 
Fei 9.55 (Pr) 
Fe1 9.71 (10) 
Nit 9.98 (3) 


| Fer 0.18 (1) 


Fert 1.41 (1) 
Fer 1.71 (1) 


| Fer 1.90 (Pr) 
| Tim 2.37 (4), Cru 2.50 


(30), Ce 1 2.39 (300) 
Tit 3.24 (Pr) 


Fet 3.64 (2), Tit 3.59 (12) | 


Fet 3.82 (2), Fe 3.80 (1) 
Fe 4.28 (1) 

Fet 4.53 (10), Sc 1 4.49 (5) 
Ce 1 4.90 (125) 

Fe 5.20 (Pr) 

Ti 1 5.38 (12), Nim 5.50 (1) 


| (Ce u 5.88 (20)) 
| Tit 6.26 (6) 


Fe 6.43 (2), Fer 6.54 (1) 
V ut 6.82 (20) 

Fe1 7.16 (6), Fet 7.09 (1) 
(Nit 7.56 (6)) 

Ti1 7.77 (15) 

Mn 1 8.10 (20) 

Fer 8.28 (4), Zr 8.38 (10) 
Fe 8.49 (Pr) 

(Nd 11 8.83 (30)) 

Fe1 9.05 (1), Nit 9.06 (3) 


| Fer 0.49 (1), Sc1 0.40 (75) | 
| Co1 0.90 (20) 
| Nd u 1.33 (80) 


Fet 1.62 (1) 

Fe1 1.87 (12), Ti1 1.81 (25) 
Cri 2.26 (18) 

Fet 2.45 (1) 

Fe 2.74 (1) 

Nd u 3.00 (80) 

V ur 3.39 (600) 

Sc 1 3.69 (100) 

Fer 4.11 (1) 





| 
| 
| 
| 
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4024.55... 


4024.74. . 
4025.13... 
4025.46. . 


4025.83 


4026.16. . 
4026.46. . 
4027.05. . 
4027.41. 

4027.68. . 
4027.96. . 
4028.35. 


4028.76 


4029.08. . 
4029.40. . 
4029.65. . 


4029.88. . 
4030.20. 
4030.48. . 
4030.79. . 
4031.11. 
4031.27. . 


4031.48. . 


4031.73 
4031.97 


4032.47. 
4032.65. 
| 4033.08. 
4033.60. . 
4033.90. . 
4034.13... 


4034.49. . 
4034.90. . 
4035.21... 
4035.67. . 


4036.04. . 
4036.39. . 
4036.77. 
4037.12... 
4037.36. . 


4037.59. . 


4037.65 
4038.00 


4038.21... 
4038.62. . 
| 4038.79. . 
4039.08. . 
4039.56. . 
| 4039.92. . 
4040.09. 
4040.65. . 
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Identification 


Fer 4.55 (5), 771 4.57 (35), 
Zr 1 4.45 (12) 

Fe 1 4.74 (6) 

Tim 5.14 (2), Nir 5.11 (3) 

Crit 5.44 (5), Ni1 5.44 (1) 

Crt 6.17 (18) 

Ti 1 6.54 (25), Mn 6.44 (4) 

Co 1 7.03 (10), Crt 7.10 (20) 

Ti1 7.43 (4) 


(150) 


Fe1 9.64 (3), Ti u 9.64 (Pr), 
Zr ut 9.68 (20) 


Fe1 0.50 (6), Ti 1 0.51 (25) 

Mn 1 0.76 (200) 

Cri 1.13 (7) 

Fer 1.24 (2), Cem 1.34 
(150), Zr 1 1.35 (2) 

Feu 1.46 (1) 

Fe1 1.72 (Pr), La 1 1.68 
(300), 7z1 1.75 (3) 

Fei 1.96 (4) 

Fe 2.47 (1) 

Fe 2.63 (4), Tit 2.63 (3) 

Mnt 3.07 (150) 

Ti 1 3.88 (6), Pr 3.86 (75) 

Zr tt 4.10 (5), (Crt 3.95 
(3)) 

Mn t 4.49 (100) 

Tit 4.88 (5) 

Fe 5.25 (Pr) 

V ut 5.63 (400), Mnt 5.73 
(15) 

Fer 5.99 (Pr), (Ni1 5.96 
(Pr)) 

Fe t 6.38 (Pr) 

V u 6.78 (60) 


(10) 


Cr ut 8.03 (25) 
Nit 8.27 (Pr) 
Fe 8.62 (—) 
Cr19.10 (20) 
V uw 9.57 (20) 
Fe 1 9.94 (1) 

(Fe 1 0.09 (1)) 
Fe1 0.65 (4) 
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r Identification nN Int. | N Identification 
4040.80..| 1b | 2 | Cer 0.76 (300), Nd 10.80 || 4055.54..| 5 | 3 | Mn1 5.54 (20) 
100 4056.03 1b | 2 | Crit 6.07 (4), Fe1 5.98 (1) 
4041.35..| 7 | 3 | Mn11.36 (50), Fe1 1.29 (1) | 4056.22..) 2b | 3 | Tim 56.21 (1) 
4041.67..| 2 | 3 | Cr11.79 (6), Fem 1.64 (Pr), || 4056.42..| 2b | 3 | Fer 6.53 (1), (Prt 6.54 
| (Sm 1 1.68 (200)) | (80) 
4041.97..| 0 | 3| Fer 1.91 (—) 4056.80..| 1n | 1 | Cr1 6.79 (5) 
4042.27..| 0 | 2 | Cr1 2.25 (8) 4056.92 <I > eee 
4042.58..| 1 | 2 Ce 11 2.58 (200), (V12.64 || 4057.33..| 2b | 2| Fer 7.35 (2), Ni 7.35 (2) 
(5)) 4057.52..| 9b | 3 | Mgt 7.50 (5), Fei 7.46 (2) 
4042.90..| 1 | 3 | Lai 2.91 (300) 4057.91 1 | 3 | Mn1 7.95 (4), Crt 7.81 (8), 
OT EU ke > Saat eh (Pb 1 7.82 (2000)) 
4043.95..| 8 | 3 | Fer 3.90 (5), Feu 4.01 (2), || 4058.23..; 5 | 3 | Fer 8.23 (4), Cor 8.18 (8), 
| Fe1 3.99 (Pr) | Ti 1 8.14 (7) 
4044.20..| 0 | 2| (K1 4.14 (8)) 4058.77..| 4b | 2 | Fe1 8.77 (3), Cr1 8.77 (20) 
4044.59..| 7 | 3| Fer 4.61 (6) 4058.90..| 4b | 3 | Mnr 8.93 (10), (Car 8.91 
4044.84..| 0 | 1 | Pri 4.82 (60) (1)) 
4045.13..| 3 | 3} Fer 5.14 (1), Mn1 5.13 (2) || 4059.37 1 | 3 | Mn1 9.39 (5) 
4045.39..| 1 | 2| Cor 5.39 (20) | 4059.72..| 3 | 3 | Fer 9.73 (3) 
4045.64..| 3 | 1 | Zr 5.63 (15), Fe1 5.60 4060.22 in | 3} Ti1 0.26 (20) 
(Pr) 4060.48..| On | 2} (Cr1 0.62 (8)) 
4045.84..] 17. | 3. | Fer 5.82 (60) 4060.75 at > eee 
4046.01..| 2 | 1} Fer 6.08 (Pr), (Dy1 5.98 4061.10..| 3 | 3 | (Nd 1.08 (200)) 
(400)) 4061.43 “°° aS ee. 
4046.42..| 1 | 3 | Fer6.46(Pr), V 16.27 (50), || 4061.72 1 | 3 | Mn11.74 (5), Fe 1.79 (1), 
Ce 11 6.34 (100) | Cr 1.77 (Pr) 
4046.76..| 1 | 2 | Cr16.76 (6), Fe1 6.81 (Pr), | 4061.98..| 3 | 3} (Fer 1.96 (1)) 
Nit 6.76 (2) 4062.46..| 5 | 3} Fer 2.45 (10) 
SB TES ct cites idk cv xi ORS 4062.74..| O | 3 | Pri 2.82 (125) 
4047.29..| 1 | 3 | Fer 7.32 (1) 4063.00 Tt ) SRO 
4047.67..| 0 | 2 | (¥17.63 (80)) 4063.29.) 4 | 3| Fer 3.29 (3) 
4048.04..| 1 | 2 | Crim 8.02 (Pr) 4063.61..| 13 | 3 | Fe1 3.60 (45) 
SG a 8 i ne ee 4064.03 1 | 3] Fer 4.05 (Pr), V1 3.93 (10), 
4048.74..| 7 | 3 | Mn18.76 (15), Cri 8.78 | Cr 11 3.94 (Pr) 
| (20), Zr 11 8.68 (25) 4064.43..| 3n | 3 | Fer 4.45 (2), Tim 4.35 (1), 
4048.98..| 0 | 1 | Fem 8.83 (3), Mn1 9.00 (2) Nit 4.37 (2) 
4049.10..| 0 | 2 | Cri 9.14 (18) 4065.06..| 2 | 3 | V115.07 (100), Ti1 5.09 (15) 
4049.35..| 3 | 3 | Fer 9.33 (1) 4065.38..| 3 | 3| Fer 5.39 (2) 
4049.60..| 0 | 1 | (Gd 9.44 (150)) ‘| 4065.55 1 | 1] (Ti1 5.60 (0)) 
4049.81..| 1 | 3 | Cr1 9.78 (5), Gd 9.90 | 4065.75 1 | 3| Cr 5.72 (12) 
| (200) | 4066.11 in | 2 | Cr 6.16 (Pr), Fer 6.01 
4050.10..| 1 | 1 | Lai 0.08 (200), Cr1 0.02 | (Pr) 
(4) '| 4066.37 1 | 3 | Fe 6.33 (2), Cor 6.36 (15) 
4050.35..| 1 | 3 | Zrm 0.32 (15) 4066.60..} 2 | 3] Fer 6.59 (1) 
4050.69..| 3 | 3 | (Fer 0.69 (1)) 4066.99..| 5 | 3] Fer 6.98 (6), Nim 7.05 (3) 
4051.09..| 1 | 3 | Vir 1.06 (20), Ndu 1.14 4067.28..| 4 | 3] Fer 7.28 (4) 
(60), V 1 0.96 (10) '| 4067.68..] 0 | 2 | Fer 7.60 (Pr) 
4051.35..| 0 | 3 | Vm 1.34 (100),V11.35 || 4067.99..| 6 | 3 | Fer 7.98 (8) 
(12), (Rut 1.40 (125)) 4068.33 1 | 3] (Ti1 8.14 (3)) 
4051.94..| 5 | 3 | Fer 1.92 (2), Crm 1.97 (12)|| 4068.54..| In| 2 | Co18.54 (8), (Ti 1 8.66 (1)) 
4052.31..} 2 | 2 | Fer 2.31 (1) 4068.88..| 0 | 1 | Cem 8.84 (75) 
4052.47..| 4 | 3 | Fer 2.47 (1), Mn1 2.47 (2) || 4069.06..| inn 3 | Fer 9.08 (1), Ti 1 8.98 (4) 
4052.70..| 3 | 3 | Fer 2.72 (1), Fe1 2.66 (1) || 4069.33 1 | 2 | Nd19.27 (80), (Nir 9.24 
4052.96..| 1 | 2 | Cor 2.91 (3), Tir 2.93 (2) | (2) 
4053.27..| 3 | 3 | (Fe1 3.27 (1)) . BRE) eee 
4053.49..| 1 | 2} V13.59 (60), Cr 1 3.45 (1), || 4070.00 1 | 3 | Fe 0.03 (Pr), Fe 119.88 (1) 
Ce 1 3.51 (100) 4070.27..| 2 -°| 3 | Mn1 0.28 (5) 
4053.83..| 4 | 3 | Tim 3.81 (3), Fer 3.82 (1) || 4070.78..| 6 | 3 | Fe10.77 (5) 
4054.13..| 3 | 3 | Crm 4.11 (8), Fe1 4.18 (1) |} 4071.10 1 | 3| Zr 1.09 (4) 
NCAT vB tg te ais, com aehe asl 4071.53..| 2b | 3 | Fer 1.52 (1), V1 1.54 (8), 
4054.85..| 5 | 3 | Fer 4.88 (3), Fer 4.83 (1) (Tit 1.47 (2)) 
4055.05..| 4 | 3 | Fer 5.04 (3), Tir 5.01 (20) | 4071.75..| 12 | 3 | Fer 1.74 (40) 
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4072.52. .| 


4072.91... 


4073.14. .| 
4073.48. .| 


4073.77. . 


4074.07. . | 


4074.31. . 


4074.77. . | 


4075.09. . | 
4075.35. . 
4075.69. . 


4075.94. .| 


4076.24. .| 


4076.51. . 


4076.60. . | 


4076.81. . 
4077.13. . 


4077.35. . | 


4077.73. . 
4078.39. .| 
4078.83. . 
4079.23. .| 


4079.42. | 


4079.85. . | 
4080.22. . | 
4080.52. . 


4080.89. . | 


4081.25. . 
4081.75. . 


4082.11. .| 
4082.44. | | 
4082.94. .| 


4083.24. . 
4083.61. . 
4083.72... 
4084.14. . 
4084.50. . 
4085.02. . 
4085.30. . 
4085.70. . 


4086.02. . 
4086.33. . 
4086.72. . 
4087.11. . 
4087.28. . 
4087.61... 
4087.80... 
4088.00. . 
4088.19. . 
4088.58. . 
4088.81. . 


| Int. | N 
4 3 
1 3 
Ib | 2 
1 2 
4 3 
1 3 
in | 2 
5 3 
2 3 
1 2 
0 3 
4 3 
2 3 
lb | 1 
5b | 3 
4 3 
1 1 
2 3 

12 3 
i 3 
1 2 
3 3 
3 3 
4 3 
4 3 
0 3 
3 3 
Z 3 
1 3 
3 3 
2 3 
4 3 
1 3 
7b | 3 
4b | 3 
0 1 
6 3 
5 3 
5 3 
1 2 
2nn| 3 
2n | 3 
3 3 
3 3 
1 1 
in | 2 
On} 1 
0 2 
1 1 
y 3 
1 2 
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Identification | r | Int. | N Identification 
Fe 2.52 (2), Crit 2.56 (4) || 4089.23.., 3 | 3 | Fer 9.22 (1) 
Nit 2.91 (2), (Cem 2.92 || 4089.54... 0 | 1 | Cr 9.49 (2) 
(20)) | 4089.66.) 1 | 2 | (Cr1 9.63 (2)) 
ee SEA eee er een ‘| 4090.07..| 2n | 3 | Fer 0.08 (1) 
Ce 1 3.48 (200) || 4090.53..| 2 | 3 | Zrm0.52 (10), V1 0.58 
Fet 3.76 (4) } (25) 
Re eeeetee: | 4090.97... 3 | 3 | Fer 0.98 (1) 
Ti 4.36 (3) eS ag a be A Rae ae i oe 0! oa 5 
Fer 4.79 (8), Fe 4.69 (Pr) | 4091.56..| 3 3 | Fer 1.56 () 
Nd u1 5.12 (60)) RR FS Be ita ae ten 
(Nd 11 5.27 (50)) || 4092.34..| 6 | 3 | Cor 2.39 (25) 
i 5.71 (150), Crit 5.63 || 4092.65..| 4 | 3 Cat 2.63 (8), V1 2.69 (50) 
Pr) | 4093.09..| 1 | 2 | Cr13.06 (4) 
Cr 5.97 (4), Crt 5.92 (6), ! 4093.96..; in | 2 | Cet 3.96 (30), (Mg 11 3.90 
(Fe tr 5.95 (Pr)) (1)) 
Fet 6.23 (1) fie | a PRR st eee 
Fe1 6.50 (1) '| 4094.68..| 0 | 1] (CN 1,2R 4.64) 
Fe 6.64 (8) || 4094.94..| 3 | 3 | Car 4.93 (12) 
Fer 6.81 (1) Fet 6.88 (1), | 4095.32..| 1 | 2] Fer 5.27 (Pr) 
Cr 11 6.87 (3) 4095.44..| 1 | 2] V15.49 (25) 
Feu 7.16 (3), Cr17.09 (12), || 4095.62..| 0 | 1 | Fer 5.65 (Pr) 
(Tit 7.15 (4)) '| 4096.00..| 4b | 3 | Fer 5.98 (4) 
Lat 7.35 (300), (¥ 17.37 || 4096.11..| 2b | 2 | Fer 6.11 (1), Fer 6.22 (Pr) 
300) || 4096.65.. 1 | 3 | Zr 6.63 (4) 
Sr tt 7.71 (400) | 4097.09..| 3 | 3 | Fer 7.10 (1), Fer 7.02 (Pr), 
Fe 1 8.36 (4), Tit 8.47 (30) : (Fer 6.95 (Pr)) 
OR AOE ee Rai a8 | 4097.37..| 1 PL MMT Lith MIRA nk 4 
Mnt 9.24 (12), Fer 9.19 4097.62..| 1 | 3 | Cr1 7.65 (5) 
(Pr) 4098.19..| 4 | 3 | Fer 8.18 (4), Cr1 8.18 (7) 
Mnt 9.42 (10) 4098.56..| 4 | 3 | Car 8.53 (15) 
Fer 9.85 (4) 4098.79..| 0 | 1] (CN 2,3 R 8.86), (Cem 
Fe1 0.23 (2) 8.98 (15)) 
(Cr 1 0.56 (2)) 4099.05..| 1 | 2 | Fer 9.08 (1), Cr1 9.02 (6) 
Fe1 0.89 (1) 4099.35..| 1 | 1] Tir9.17 (8), Lam 9.54 
Cem 1.22 (150), Fem 1.42 | (150) 
(Pr) || 4099.78..| 1 | 2| V1 9.80 (60) 
Cri 1.74 (5) | 4100.17..] 2 | 2 Fer 0.17 3) 
Fet 2.12 (1) | 4100.76..| 4 | 2] Fer 0.74 (3) 
Fet 2.43 2), id 2.46 (20) || 4101.26..| 0 | 1] Fer 1.27 (1) 
Mnt 2.94 (12) | 4101.72..| 35 | 2| H6 1.74 
Ce 1t 3.23 (200) | 4102.56..; 0 | 1 | (¥ 12.38 (350)) 
Mn1 3.63 (12), Fer 3.55 (1) | 4102.94..| 3 | 3 | Six 2.93 (25) 
Fet 3.78 (1) | 4103.32..; 0 | 1 | Dy 3.31 (600) 
Fe1 4.15 (Pr) || 4103.61..| 1n | 2 | Fer 3.62 (Pr) 
Fe1 4.50 (6) 4103.78..| 0 | 1 | Cr13.85 (4) 
Fe 5.01 (4) 4104.15..| 3 | 3| Fer 4.13 (3), Fem 4.18 (Pr) 
Fer 5.31 (4) | 4104.41..| 0 | 2 | Fer 4.47 (Pr) ‘ 
Zr 11 5.68 (5), Gd 11 5.65 4104.84..| in | 2 | Cr1 4.87 (10), V1 4.78 (15), 
(200), V 1 5.67 (10) Fe1 4.97 (1), Co1 4.74 (4) 
Fet 5.98 (1) 4105.12..| 0 | 3 | V15.17 (60), Fer 5.06 (Pr), 
Co1 6.30 (15), Cr 11 6.14 (8) | Ce 11 05.00 (50) 
Lat 6.72 (300) || 4105.65..| 1 | 1] (CN 1,2R 5.67) 
Fe 7.10 (1) || 4106.27..| 1 | 3 | Fer 6.26 (1) 
Fe 7.27 (Pr) | 4106.45..| 2 | 3| Fer 6.44 (1) 
Cr 1 7.63 (2) gO RR 2 te a eee 
Fet 7.80 (Pr) 4107.49..| 6 | 3 | Fe1 7.49 (12) 
a oe eee | 4107.85..| 0 | 1 | (CN 1, 2 R 7.82) 
Sih RNY AR IT | 4108.11..) 1n | 3 | Fer 8.14 (Pr) 
Fe 8.57 (1) 4108.54..; 2 | 3 | Car8.55 (10) 
Feshi5 G6, ComOee RE. A 8 DT. costco rs eccaeee 
(1) 4 | 3] Fer 9.07 (1) 


4109.06. . 
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4109.48. . 


4109.81. . 
4110.03. . 
4110.26. . 
4110.55. .| 
4110.88. . 
4110.97... 


4120.22. . 
4120.66. . 
4120.81. . 
4171.33... 
4121.82.. 
4122.16.. 


4122.54. . 
4122.63... 
4123.25.. 


4123.48. . 


4123.58... 
4123.78. . 
4123.91. . 


4124.48. . 
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4125.20. . 
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4125.63. .| 
4125.88. . 
4126.20. . 
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4111.37. .| 
4111.78. . 
4112.09. . 
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Identification 


Nd 1 9.46 (200), (Mg u 
9.54 (3)), (Cr1 9.58 (8)) 
Fe1 9.81 (9), V1 9.79 (50) 


| Zr 11 0.05 (3) 
| Ca mr 0.33 (0) 
| Co1 0.53 (25) 


Cr 1 0.87 (8) 


Crit 1.01 (18), Fer 1.06 


(1) 


Crt 1.36 (6), Ce 11 1.39 (60) 


3 | V1 1.78 (100) 


| Fe 2.08 (Pr), Fe 1 1.90 


(1), (CN 1, 2 R 2.03) 
Fer 2.35 (1) 


| Ti1 2.71 (20), Crit 2.59 (1) 


Fer 2.97 (3) 

Zn 1 3.21 (12), Cr 1 3.24 (5) 
V1 3.52 (12) 

Ce 3.73 (30) 


|CN1,2R 4.11 
| Fer 4.45 (5) 


Fert 4.96 (1) 

V 1 5.18 (60) 

Cem 5.37 (150) 

Nit 5.98 (3), Fe1 5.90 (Pr) 
V 1 6.47 (50) 


| (V1 6.70 (4)) 


| Fer 6.97 (1), Cem 7. 
| Fer 7.32 (1), Cem 7.2 


01 (75 
9 (20) 


| Fer 7.87 (1), Fet 7.71 (1) 


V 18.18 (8), Ce 1 8.14 (200) 
Fe1 8.55 (15) 


| Cor 8.77 (50), Fer 8.90 (1) 


Fe 1 9.53 (Pr), (Fe 1 9.67 
(Pr)) 

Ce 11 9.88 (20), Cem 9.78 
(20) 

Fer 0.21 (5) 

Cri 0.61 (12) 


| Cer 0.83 (150) 

| Co 1 1.32 (60) 

| Fer 1.81 (5), Cri 1.82 (10) 
| Crit 2.16 (8), Tz1 2.14 (10), 


CN 1, 2 R 2.19 
Fet 2.52 (4) 
Fe 1 2.64 (4) 


| La 1 3.23 (400), 771 3.29 


(5) 
Crt 3.39 (10), Ce 1 3.49 
20) 
3.57 (60), Ti 1 3.56 (10) 


od) 
3.87 (150), Nd 1 3.88 


| 4126.52. .| 
| 4126.87... 
| 4127.31. 


4135.46. . 


r 


4127.65, .| 
4127.80. .| 
4128.11. .| 


| 4128.41. .| 


4128.75. .| 
4129.18. . 


4129.48. .| 
4129.72. . 


| 4130.03. .| 


4130.24. || 
4130.36. . 
4130.67. . | 


| 4130.92. .| 


4131.16. || 


| 4131.38. .| 


4132.04. .| 
4132.43. .| 


4132.55. .| 


| 4132.91... 
) || 
| 4133.63. .| 


4133.36. . 
4133.85. .| 
4134.41..| 
4134.69. .| 


4135.03. .| 
4135.32. .| 


| 4135.74. .| 


4136.53. .| 
4137.00. . | 


| 4137.39. || 


4137.67. .| 
4137.99. || 
4138.37. .| 
4139.06. . | 
4139.41. .| 


4139.94. || 
4140.42. || 
4140.78. . | 


4141.06. .| 
4141.43. | 
4141.86. .| 
4142.28. . 


4142.43... 
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| Crt 6.52 (20) 


Identification 


| Fer 6.88 (1) 


Cem 7.37 (150), Crt 7.30 
(7) 

Fe1 7.61 (7), Crt 7.64 (8) 

Fet 7.81 (3) 

Sim 8.05 (8), V 1 8.07 (60), 
(Mn tt 8.14 (Pr)) 

(¥ 1 8.30 (300)) 


| Fem 8.74 (3) 


Cr 19.21 (20), Fe 1 9.22 (1) 
Ti1 9.17 (4) 

Fe1 9.47 (Pr) 

Eu 11 9.73 (5000) 

Fe t 0.04 (1) 

(CN 0, 1 R 0.28) 

Gd 11 0.38 (300) 

Ba 110.65 (80) Ce 11 0.71 (100) 

Si 0.88 (10) 


’ 


| Fem 1.17 (Pr), Cem 1.10 


(100), 71 1.24 (4) 


| Crit 1.36 (10) 
| Fer 2.06 (25), V1 2.02 (60) 
| Crit 2.41 (7), (CV 0,1R 


2.42) 

Fer 2.54 (Pr) 

Fe 2.90 (8) 

Nd 11 3.36 (50) 

CN 1, 2 R 3.67 

Fet 3.87 (2), Ce 1 3.80 
(500) 


| Fer 4.43 (1), V1 4.49 (60), 


Fet 4.34 (1) 


| Fe 1 4.68 (12) 


7.29, Tit 7.28 (10) 
Ce 1 7.65 (400) 
Fe 7.98 (Pr) 


| Fe 1 8.40 (Pr) 


CN 1, 2 R 9.05 
(Cot 9.45 (3)), (Ti 1 9.48 
(1)) 


| Fer 9.93 (2) 
| Fer 0.44 (1) 


CN 0, 1 R 0.79, CN 1, 2 
R 0.79 


Fert 1.35 (1) 
Fet 1.86 (1) 
Cri 2.19 (7), Nir 2.32 (4), 


Nit 2.18 (2), (Tim 2.22 
(Pr)) 

Ce 2.40 (150), Cri 2.47 
(5), Tz 1 2.48 (2) 
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414 
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Int. 


In | 


r 
4142.58..| 2b 
4143.03. . | 
4143.44..| 8 
4143.88..| 9 
4144.52..| 1n 
4145.13. .| In 
4145.57..| 0 
4145.77..| 2 
4146.06..| 3 
4146.50..| 1 
4146.66..| O 
4146.99...) 2 
4147.34..| 2 
4147.69..| 6 
4148.25..| On 
4148.78..| 1n 
4149.25..| 4 
4149.36...) 5 
4149.83...) in 
4150.28 3 
4150.44..| 1 
4150.97..| 2 
4151.36..| 0 
4151.74..| 1 
4152.00..| 2b 
4152.12 7b 
4152.71... 1n 
4153.02..| 0 
4153.37. .| in 
4153.90..| 4 
4154.06..| 2 
4154.51...) 5 
4154.81..| 4 
4155.38..| In 
4155.95...) in 
4156.29..| 4 
4156.78..| 5 
4157.19..| 1 
4157.78..| 5 
4158.39..| 4 
4158.81...) 5 
4159.19..| 4 
4159.64..) 0 
4160.08 | 0 
4160.35..| 2 
4160.63..| 1 
4160.78..| O 
4161.16..| 4 
4161.53..| 4 
4161.81..| 3 
4162.24..| 0 


ww W 


RW WW GW W 


W Ww 


NRW WW DH WW DO WD 


Identification 





| 
| 
| 





Fet 2.62 (1) 


Ti 1 3.05 (7), Fe 1 3.07 (Pr), | 


Prt 3.14 (150), Nit 2.97 
(2), (V1 2.84 (200)) 
Fei 3.42 (15), (Fer 3.51 


R 4.48) 
Fer 5.21 (1), Cem 5.00 (60) 


| Crit 5.77 (25) 


Fe1 6.07 (2) 
Cr1 6.47 (4) 
Cr 1 6.70 (6) 


| Fe17.35 (Pr), Fe 117.26 (Pr) 
| Fer 7.67 (10) 
| Fert 8.26 (Pr) 


Nit 8.75 (Pr), (CN 0, 1 
R 8.74) 

Zr 1 9.22 (75) 

Fer 9.37 (5) 


| Fe1 9.77 (1), Ce 1 9.94 (50) 


Fe1 0.26 (4) 


| Nix 0.37 (2), Ti1 0.56 (3) 
| Zr11 0.97 (10), Tit 0.96 


(10), Cru 1.00 (5) 


| Fer 1.79 (Pr), Feu 1.60 


(Pr) 


| Fer 1.96 (1), Lau 1.98 


(250), Cem 1.97 (200), 
Fet 2.08 (Pr) 


| Fer 2.17 (4) 


Law 2.78 (100), Cr 1 2.78 
(10), (CN 0, 1 R 2.56) 


| Crt 3.07 (9), Fe 11 2.98 (Pr) 


(CH 0, 0 R 3.37) 
Fet 3.91 (10) 
Fer 4.11 (1) 
Fe 4.50 (12) 
Fer 4.81 (9) 


| (Sm 11 5.32 (100)) 





| Nd 11 6.08 (250) 


Zr tt 6.24 (15) 

Fe 6.80 (12), Fe 1 6.67 (1) 
rae ‘a ir ee eee 
Cot 8.42 (4), Fem 8.45 (Pr) 
Fer 8.80 (5) 


Fe 0.28 (Pr) 
Fer 0.62 (Pr), Fe 1 0.56 (1) 
Fe1 0.78 (Pr) 


| Zr it 1.20 (20), Fer 1.08 (1) 


| Tim 1.52 (1), Fer 1.49 (1) 
| Sr it 1.80 (30) 


(CN 2, 3 R 2.30) 


| 4171.72... 
4171.92... 


r 


4162.58. . | 


| 4162.82. .| 
| 4163.45. .| 


4163.65. .| 


4164.06. .| 


| 4164.15. .| 


4164.32. . | 


4164.74. .| 
4165.07. .| 
4165.41. .| 
4165.57... 


4166.04. . 


4166.30. .| 
4166.95. . 


4167.29. .| 


4167.91... 
| 4168.34. . 


4168.62. . 
4168.95. . 
4169.32. . 
4169.76. 
4170.19. 


4170.59. .| 
4170.97. || 


4172.10. .| 
4172.50. .| 


| 4172.69. . 
| 4172.97... 


4173.46. 


| 4173.68. .| 
| 4173.97. .| 
| 4174.36. .| 
4174.54. || 
4174.91. .| 


4175.22.. 
4175.64. . 


| 4175.90. .| 


4176.08. . 
| 4176.57. . 
4176.89. . 
| 4177.05... 
4177.61. . 


4178.06. . 
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Identification 





(CH 0, 0 R 2.68, 2.48), 
(CN 1, 2 R 2.69) 


| (Fer 2.91 (Pr)) 


CN 0,1 R 3.42, Fert 3.36 
(Pr) 

Ti 11 3.64 (40), Fe 1 3.68 (1), 
Crt 3.62 (20) 


| Vr 4.02 (15), (CN 1, 2 


R 4.04) 

Tit 4.13 (4), Pru 4.19 
(100) 

Fe 4.26 (Pr), (CH 0, 0 
R 4.31) 

Fet 4.80 (1) 

CN 0.1 RS:i3 


| (Fer 5.42 (1)) 
Crit 5.52 (15), Ce 11 5.61 


(200) 


| Ba 11 6.00 (20), (CN 2, 3 


R 6.08) 

Tit 6.31 (6) 

Ni1 6.97 (3), CN 0,1 R 
6.83 


| Mgt 7.27 (10) 


Fet 7.86 (2) 
CN 0, 1 R 8.48, (Cri 8.31 
(2)) 


Fe 8.62 (1) 


Fert 8.95 (1) 
Tit 9.33 (7) 
Fer 9.77 (1) 


Cr 0.20 (15), CV 0,1 R 


0.12 


| Crit 0.58 (Pr) 


Fe1 0.91 (5), Tit 1.02 (8) 

Fert 1.70 (2), Crt 1.68 (12) 

Ti 1.90 (30), Fer 1.90 
(2), Cru 1.92 (3) 

Fe 2.13 (5) 

(CH 0, 0 R 2.56) 

Fet 2.75 (4), Fe1 2.64 (1) 

Fert 2.98 (Pr), Tim 3.05 
(Pr) . 

Fe 1 3.45 (8), Fe1 3.32 (2), 
Ti ur 3.54 (1) 

(Y u 3.76 (—)) 

Fe 1 3.93 (2), Ti 4.09 (2) 


| Fer 4.42 (1) 
| Tit 4.47 (3) 


Fe 4.92 (5) 
Crt 5.23 (8) 
Fet 5.64 (10) 


| Crit 5.94 (15), Fer 5.91 (Pr) 


(Ce 11 6.08 (12)) 
Fet 6.57 (7) 


| CN 2,3 P 695 
| Fer 7.08 (1) 


Fe 7.60 (4), Y m 7.54 
(125) 

(Sm 11 8.02 (100)), (CH 0, 0 
R 8.00) 














4181 
4181 


4178.40. . 
4178.54. . 
4178.87... 
4179.37.. 


4179.82. .| 
4180.12.. 
4180.39. . 
4180.75... 


4181.21.. 


Os 5 
~; 
4181.96... 
4182.39. . 
4182.77.. 
4183.01.. 
4183.43... 
4184.00. . 
4184.32. . 
4184.54. . 
4184.89... 
4185.34. . 
4185.54. . 
4185.81. . 


4186.12. . 
4186.35. . 


4186.63. . 


4187.05... 
4187.60. . 
4187.81. . 
4188.16. . 
4188.72... 
4189.04. . 
4189.55... 
4190.20. . 


4190.81. . 
4191.43.. 
4191.68... 
4192.07... 
4192.22.. 
4192.60. . 
4192.90. . 


4193.30. . 


4193.69. . 
4193.84. . 
4194.41. || 
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Identification 





| Fe 11 8.86 (8) 

Cru 9.43 (12), V 1 9.42 
(15), Cr 1 9.26 (30) 

Zr 1 9.81 (15) 

(CN 0, 1 P 0.10) 

Fe1 0.40 (Pr) 

(Feu 0.97 (Pr)), (CH 0, 0 
R 0.83) 





Ti 8.17 (Pr), Fer 1.19 
(Pr), (CN 1, 2 R 1.35) 
Fer 1.55 (Pr), Cru 1.50 (1) 

| Fer 1.76 (15) 

| Fer 2.38 (4) 

Fe1 2.77 (2), Fe 1 2.69 (Pr) 
Fer 3.02 (1) 

V i 3.44 (250) 

Ti 1 4.33 (0) 

Nit 4.48 (4) 


Crt 5.34 (10) 

Cru 5.50 (Pr) 

CN 1, 2 P 5.77, (CN 0, 1 
P 5.77) 

| Ti1 6.12 (25) 

Crt 6.36 (15), CV 0,1 R 
6.32 

Ce 11 6.60 (600), Zr 1 6.70 
(12), CH 0,0 R 6.61 

Fe1 7.04 (20) 

Fet 7.59 (1) 

Fe1 7.80 (20) 

Sm 1 8.13 (200) 

| CH 0, 0 R 9.09, 8.88 

| Fer 9.56 (2) 

Cr10.16 (15), Ti 1m 0.29 
(1), CN 1, 2 P 0.12 

V 11 0.89 (10), Co1 0.71 
(20), CN 1, 2 P 0.74, 
(CN 0, 1 P 0.82) 

| Fer 1.44 (15) 

Fe 1.68 (2), Cr1 1.75 (10) 

Cri 2.10 (15), 

Lat 2.35 (100) 


CN 1, 2 P 2.93, Cem 3.09 
(50), CN 1, 2 P 2.90 

_ CN 1,2 P 3.41, CN 1,2P 

| 3.38, (CN 0, 1 P 3.22), 

| (Mg 3.44 (2)) 

Cr1 3.66 (40), CV 0,1R 
3.73 

CN 1, 2 P 3.86, Cem 3.87 

| (35), CN 1, 2 P 3.83 

| Fer 4.49 (Pr), CN 1,2 P 

| 4.27, CN 1,2 P 4.24, (CN 

| 0, 1 P 4.36) 





| 4194.70. .| 


Nit 2.07 (1) | 


CH 0,0 R 2.56, CN 0,1 R 2.57)) 
4206.18. . 
4206.32. .| 











Fe1 4.90 (10), Cr 1 4.90 (12) || 


r 


| 4194.86. . 


4195.35... 
4195.62. . 
4195.98. .| 


4196.22.. 
4196.57... 


4196.66. . 
4197.15.. 


| 4197.25. .| 
4197.67. 
4198.08. . 
4198.30. . 
4198.64... 
4199.11. . 
4199.54. . 
4199.94. | 
4200.46. . 
4200.92... 
| 4201.24. . 
4201.53. . 
4201.72. .| 
4202.04. . 
4202.37. 
4202.74. . 
4203.08. . 
4203.21. .| 
4203.38. .| 


4203.56. . 
4203.96. . 
4204.24. .| 
4204.49. . 
4204.74. .| 


4205.06. . 


4205.38. .| 
4205.51. 
4205.94. . 


4206.70. . 
| 4207.13. 
| 4207.41. 
4207.82... 
4208.34. .| 
4208.60... 
4208.99. . 
4209.37... 
4209.80. . 
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Identification 


CN 1,2 P 4.67,CH 0,0R 
4.71,CN 1,2P 4.64 
CH 0, 0 R 4.86, CN 0,1R 
4.88, Cri 4.95 (20), C 1N 
1, 2 P 5.03, CN 1,2P 

5.00, (Dy 1 4.83 (500)) 





Fe 5.34 (5), Crm 5.41 (10) 

Fet 5.62 (3) 

CN 0,1 R 5.92, CN 1,2 
P 5.95, CN 1, 2 P 5.92 

Fe 6.22 (4) 

Fe1 6.53 (1), Lau 6.55 
(250) 

Ti u 6.64 (Pr), CN 1,2 
P 6.75 


Band head CV 
Fe 7.10 (Pr) 

Crit 7.23 (20) 

(CN 0, 1 P 7.67) 

Ti 7.95 (Pr) 

Fe1 8.31 (20), Fe 8.27 (1) 

Fet 8.64 (4) 

Fer 9.10 (20) 


(1, 2) 7.16, 


Fet 9.97 (1) 

Nit 0.46 (5), Tz 11 0.40 (Pr) 
Fe1 0.93 (3) 

CN scone va 
Fei 1.73 (1), Ni 1.72 (5) 


Fet 2.03 (30) 

V mt 2.35 (150) 

Fet 2.76 (1) 

(Ce 11 2.94 (150)) 

Fe 3.30 (1), Tit 3.46 (8), 
(CN 0, 1 P 3.44) 

Fe 3.57 (1), Cri 3.59 (18) 

Fe 3.99 (10), Fe 1 3.95 (1) 

Cr 14.19 (8), CN 0, 1 P 4.30 

Cri 4.47 (12) 

CH 0, 0 R 4.75, ¥ 11 4.69 


(10) 
| Vir 5.08 (250), Eu um 5.05 


(6000) 

Mn tt 5.37 (Pr) 

Fe 5.55 (2), Feu 5.48 (Pr) 

Ti 11 5.92 (Pr), CN 0,1P 
5.93, (Zr 5.91 (2)) 

Ca 6.21 (— 

Mn 6.38 (0) 

Fet 6.70 (3) 

Fe1 7.13 (4) 

CN 0, 1 P 7.43, Cru 7.35 (4) 

Crt 8.36 (15) 

Fet 8.61 (3) 

Zr ut 8.99 (30) 

Cr 1 9.37 (20) 

Cr1 9.76 (15), V 1 9.86 (20), 
V i 9.74 (10) 
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SPECTRUM OF PROCYON 












A 


4210.36. .| 


4210.93. .| 
4211.37. .| 
4211.87. . 


4212.15... 


4212.29. .| 


4212.63... 


4213.13. . | 


4213.35. . 


4213.64. .| 
4214.26. . | 


4214.56. . 
4214.83. . | 
4215.05. . 


4215.52... 
4215.99. . 


4216.20. . 


4216.58. . | 


4216.87... 
4217.14. . 


4217.23.. 


4217.57. .| 


4218.21... 


4218.41... 
4218.74. .| 
4219.37... 
4219.76. . 


4220.05. . | 


4220.34. . | 
4220.82. . | 


4221.14. . 


4221.50. .| 


4222.22. . 


4222.61. . 


4222.99. . | 


4223.10. . 


4223.49. . 


4223.74. .| 
4224.17. || 


4224.51... 


4224.85 __| 
4225.24. | 


4225.45... 
4225.73... 
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| Sr ir 5.52 (300) 





RW Ww WWW bdo wne 


Fe1 0.35 (15), Fe 10.40 (Pr) | 


CH 0,0 R 0.96 
Cr 1.35 (15) 
Zr 11 1.88 (12), (Fe 1 1.80 

P 


r 
Fe 2.04 (Pr), Gd 11 2.02 
(200) 
CN 0, 1 P 2.24, CN 0,1 P 
2.40 | 


CH 0, 0 R 2.66, 2.61 | 

CN 0,1 P3.14, Cr1 3.18 (10)|| 

Fer 3.42 (Pr), CN 0,1 P 
3.27 

Fer 3.65 (5) 

CN 0, 1 P 4.26, (CN 0,1 
P 4.36) 

CN 0, 1 P 4.57, (CN 0, 1 
P 4.66 


4.66) 
CN 0, 1 P 4.85, (CN 0, 1 
P 4.93 
Gd 11 5.02 (150), (Dy1 5.17 
(125)) 





Fet 5.97 (1), Band head 

CN (0, 1) 6.04 
Fe1 6.19 (8) 
rere iis RA tak SEM, 
Gd 11 7.20 (100), Cr 7.07 


(1) 
CH 0, 0 R 7.26, 7.19, Tim 
7.34 (Pr) | 
Fer 7.55 (7), Crt 7.63 (30), || 
Lau 7.56 (200) 
Fe1 8.23 (Pr), Tim 8.18 
(Pr) 
(CH 1, 1 R 8.38) 
CH 0,0R 8.72 
Fe1 9.36 (12) 
Fe1 9.74 (Pr) 
Fe1 0.05 (Pr), V 11 0.05 
(10) 
Fe1 0.35 (4) | 
(Sm 11 0.66 (200)) | 
(Dy 1 1.10 (250)) 
Cri 1.57 (25) | 
Fe 2.22 (12) | 
} 
} 


| 
} 
| 
| 
} 
} 





Cert 2.60 (300), Cri 2.73 
(20) 

Prt 2.98 (150) 

CH 1, 1 R 3.08 

CH 0, 0 R 3.57, 3.47, Cri 
3.47 (7) 

Fe 3.73 (Pr) 

Fer 4.18 (6) 

Fer 4.52 (3), Cr1 4.51 (18) 

Cr 11 4.85 (20), CH 0, 0 


oe 
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4225.95. 
4226.45. 
4226.75. 
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_ 
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| 
a 


4227.40. .| 


4227.92. .| 


4228.34. .| 


| 
| 


4228.75... 
4229.56. .| 
4229.79. . | 


4230.21. .| 


4230.54. . 
4231.02. . 


4231.63. . 


4231.95. .| 
4232.39. . | 


4232.74. .| 


» 4233.18. . | 


4233.61. . | 


4234.18. . 
4234.54. . 


4235.23. .| 


4235.75... 


4235.94. .| 
4236.32. .| 


4237.64. . 


| 4236.76. . 
4237.16. . 


4238.02. .| 
4238.35. .| 


4238.81... 
| 4239.34. .| 


4239.80. . 


4240.40. . 


4240.70. .| 


4241.15.. 


4241.60. . | 


4242.36. . 
4242.68... 


|| 4243.39... 
| 4243.81. .| 


| 4244.28... 
4244.77... 


4245.29. || 


4245.76. . 
4246.07... 
| 4246.85. .| 
| 4247.42. 
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Fet 5.96 (3) 

Fe 6.43 (3) 

Cat 6.73 (500) 

Fe1 7.43 (30) 

CH 1,1R 7.93 

Fet 8.72 (1) 

Fer 9.52 (1) 

Fe1 9.76 (1), CH 0,0R 
9.90, 9.79 

Cr1 0.29 (4) 

Fe1 0.58 (1), Cr1 0.48 (25) 

CH 0,0 R 1.00, Nix 1.04 


(5) 

Zr ut 1.64 (8), (Fer 1.52 
(1)), (CH 1, 1 R 1.59) 

V 1 2.06 (80) 

V 1 2.46 (15), Nd 11 2.38 
(150) 

Fet 2.73 (1) 

Fer 3.17 (11), Crm 3.25 
10 


( 
Fer 3.61 (18) 
V 1 4.00 (12), V m 4.25 (7) 
V ut 4.55 (40), Cr 1 4.52 


(12) 
Mnt 5.29 (8), Mn1 5.14 


(6) 

Y 1 5.73 (20), V1 5.76 (10), 
Fet 5.84 (Pr), Fe1 5.64 
(Pr) 

Fe 1 5.94 (25) 

Nit 6.37 (2), (Cru 6.33 
(Pr)) 

Fe 6.76 (1) 

Fei 7.16 (2), Fert 7.08 (2), 
CH 0, 0 R 7.23, 7.16 

Fe1 7.68 (Pr), Cr1 7.71 (12) 

Fe 8.03 (4) 

Lat 8.38 (400) 

Fe1 8.82 (10) 

Fe 9.37 (Pr), Crm 9.31 (0) 

Fet 9.74 (3), Fer 9.85 (2), 
Mnt 9.72 (5) : 

Fe1 0.37 (2), Cat 0.46 (6) 

Cr 1 0.70 (30) 

Fer 1.11 (1) 

(Cor 1.52 (2)) 

“ry 11 2.38 (30) 

Fet 2.73 (2), Fe1 2.59 (1), 
CH 0, 0 R 2.59 

Fe1 3.37 (2), CH 0,0 R 
3.43, 3.32 

Fe 3.79 (1) 

Mn u 4.26 (1) 

Niu 4.80 (1) 

Fe 5.26 (6), Fe1 5.36 (tr) 

Fe 6.09 (3), Fe1 6.02 (Pr) 

Sc 11 6.83 (100) 

Fe1 7.43 (12) 











4247.77... 


4248.24. || 
4248.71. .| 


4248.93. .| 


4249.57... 
4250.13. . 
4250.80. . 
4251.33. . 
4251.70. . 


4252.05. .| 
4252.14. .| 
4252.66. _| 


4252.98. . 


4253.29. .| 


4253.91. . 


4254.35... 


4254.69. .| 


4254.93. . 


4255.22.. 
SY ae 
4255.84. . 


4256.20. . 
4256.76. . 


4257.13. .| 


4257.26. .| 
4257.65. .| 
4258.19. . 


4258.29. .| 


4258.63. . 
4258.90. . 
4259.23... 


4259.73.. 


4260.07. . | 


4260.50. . 


4260.73. .| 


4261.29. .| 


4261.56. .| 


4261.93. . 


4262.34. . | 


4262.67. . 
4263.14. . 
4263.37. . 


4263.57. .| 


4263.89. . 
4264.22. . 
4264.51... 
4264.73... 
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2 
3 
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is 
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| Cru 2.62 (10) 
| CH 1,1 R 3.00, 


| Ferro 0 (1), Cri 5:50 
| CH 0,0 R 5.80, Ce 11 5.78 


“Fe 4.94 (1), CH0,0R 
4.98 


TABLE 1 


Identification 


Cal) UR 771 

Fe 8.23 (4) 

CH 0,0 R 8.73, Cri 8.73 
(10), Ce 1 8.68 (200) 

CH 0, 0 R 8.93 

CH 0, 0 R 9.63, 9.49 


| Fer 0.12 (25) | 
| Fer 0.79 (25) 


(2) 
Ti 11 2.05 (Pr) 
Nit 2.11 (2) 


Mn 3.02 

(2) | 

Ce 1 3.36 (50), Gd ur 3.37 
(150), CH 1, 1 R 3.20 

Fer 3.91 (Pr) 

Cri 4.35 (1000) 


CH 0,0 R 5.23 | 
(25) | 


(60) 

Fe 6.21 (3) 

Fet 6.79 (1) 

V wu 7.02 (15), Cem 7.12 
(20) 

Corti tl) 

Mnt 7.66 (5) 

Feu 8.16 (3), Zr 1 8.05 
(12) 


Fe 1 8.32 (2), (Fe 1 8.35 


(Pr)) 

Fet 8.62 (1) 

Fei 8.96 (1) 

Mn 9.20 (0), Cri 9.15 
(10), Fe1 9.31 (Pr), (Vi | 
9.31 (8)) 

Ce 11 9.75 (15) | 


| Fer 0.00 (2), Fer 0.14 (1) 
| Fer 0.48 (35) | 
| Fe1 0.74 (Pr), V 10.75 (9), 


Ti 1 0.74 (2) | 
Cri 1.35 (25),CH0,0R_ | 

1.22 | 
Cri 1.62 (12),CH0,0R | 

1.52, Tir 1.61 (5) | 
Cr 11 1.92 (20) 
Crt 2.38 (8), Cri 2.13 (12) | 
Sm 1 2.68 (300) 


Crt 3.14 (35), Ti 1 3.13 (15) |, 


| La 11 3.59 (200) 


| Fe 1 3.90 (1) 


Ce 11 3.43 (40) | 
| 


| Fer 4.21 (2) 


(Ce 11 4.37 (10)) 


Fet 4.74 (1) | 
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Continued 
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4265.27. . 
4265.67. . 
4265.92. . 
4266.25. . 


4266.70. . 


'| 4266.97... 
..|| 4267.41. . 

|| 4267.83. . 

| 4268.15. . 
|| 4268.74. . 
4268.99. . 
4269.28. 
4269.77. 


| 4270.18. . 
| 4270.42. 
|| 4270.57. . 


|| 4271.16.. 

| 4271.77... 
4272.15. 
4272.53. 
4272.86. . 
4273.34. 
4273.87... 
4274.20. . 
| 4274.58. . 
|| 4274.81... 
|| 4275.33. 
4275.57. 
4276.05. . 


4276.69. . 
4276.96. .| 
4277.47.. 
4278.19. . 
4278.80... 
4279.10... 


4279.46. . 
4279.83... 


4280.44. . 
4280.78. . 
4281.06. . 


4281.42. . 
4281.96. . 
4282.41. .| 

4283.02... 
|| 4283.42... 
4283.74. . 
4284.18... 
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Identification 


Fet 5.26 (2) 

Tit 5.72 (4) 

Mnt 5.92 (6) 

Crit 6.23 (Pr), Ti1 6.23 
(3) 

Cri 6.82 (8), (Zr u 6.72 
(11), (Nd m1 6.72 (30)) 

Fet 6.97 (3) 

CH 0,0 R 7.38 


| Fer 7.83 (5) 


CH 0, 0 R 8.09 


| Fer 8.74 (2), Cr1 8.79 (10) 
| C1 8.99 (2), (Tit 8.93 (1)) 


Cr 11 9.28 (10) 


| Fe1 9.86 (Pr), Lau 9.50 


(300) 


2 | Cem 0.19 (60), 7i1 0.14 (7) 


— 


Ww 


WDNHDN WWW 


we Ge Go ¢ wr WW wwe We 


Fe 110.39 (Pr), Fe 10.33 (Pr) 

Ce 11 0.72 (50), (Nd 11 0.56 
(25)) 

Fer 1.16 (20) 


| Fer 1.76 (35) 


Prt 2.27 (80) 


Cri 2.91 (12) 

Fe 11 3.32 (3) 

Fet 3.87 (1) 

CH 0,0 R 4.17 

Ti1 4.58 (15) 

Crt 4.80 (800) 

CH 0, 0 Q 5.37, 5.24 

Cr 11 5.57 (30) 

Cri 5.97 (15), (Co1 6.11 
(2)) 


Fei 6.68 (1) 


| V1 6.96 (12) 


Fe1 7.39 (Pr), Fe1 7.68 (1), 
Zrit 7.37 (4), CH 0,0 Q 
7.54 

Fer 8.23 (1), Fe 8.13 (1), 
Cr 118.10 (1), Ti 18.23 (7) 

V i 8.89 (60), (Cem 8.87 
(20)), (Tit 8.83 (3)) 

Mou 9.02 (10), CH 0,0 Q 
9.05 

Fe 9.48 (1) 

Fe 19.86 (1), CH 0,0Q 9.71, 
9.91, Sc m 9.93 (1) 


| Cr1 0.40 (25), Fe 1 0.53 (1), 


(Gd 1 0.50 (200)) 


| Sm 11 0.79 (400), Fe 1 0.64 


Cru 4.21 (20), Mn1 4.08 (4) 





(Pr) 
Mnt1 1.10 (6), CH 0,0 Q 
1.00 


| Tit 1.37 (10) 
| CH 0, 0.Q 1.96 


Fer 2.41 (12) 
Cat 3.01 (40) 
Fet 3.41 (Pr) 
Mn 1 3.77 (0) 
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SPECTRUM OF PROCYON 















































TABLE 1—Continued 


Z 











nN Int. Identification d Int. | N Identification 
4284.68..| 1 3 | Nii 4.68 (6), Cr1 4.72 (12) 4301.50...) 1 | 1 Wha ded: Su Pc eES OTS oe ee 
4285.00... 1 3 | Ti1 4.99 (8), CH 0,0 Q 4.98) 4301.93...) 5 3 | Lez 19685) 
4285.45..| 4 3 | Fet 5.44 (3) | 4302.21...) 1 3 | Fe1 2.19 (2), CH 0, 0 Q 2.27 
4285.79..; 1 | 1 | Cor 5.78 (6), Fer 5.83 (1) || 4302.55..) 5 3 | Cat 2.53 (60), Cr 1 2.58 (1) 
4285.98... 2n | 3 | Ti1 6.01 (25) || 4302.84..| 0 | 2 | CH 0, 0 Q 2.74, 2.91, Crit 
4286.47..| 2 3 | Fer 6.44 (1), Zr 1 6.51 (5), 2.78 (2) 
| CHO0,0Q 648 || 4303.18...) 4 3 | Fem 3.17 (8) 
4286.95..| 3 3 | Fer 6.99 (1), Lat 6.97 || 4303.56...) 1 3 | Nd 3.57 (400) 
| (300), (CH 0,0 Q 7.03, |) 4303.88... 2 | 3) CH0,0Q 3.93, 3.83 
| 6.88) |} 4304.25..) 1 2 | CHO,0 9) 4.38, CH 1,1 Q 
4287.41..| 2 3 | Tit 7.40 (22) 4. 25 
4287.91..| 4 3.) Tim 7.89 (2), Nir 8.00 (15) |) 4304.56...) 2 3.) Fer 4.55 (1), CH 0,0Q 
4288.11..| 2b | 3 | Fer 8.15 (2), T71 8.16 (3) 4 57 
4288.74...) 1 3 | CH 0,0 Q 8.73 4304.81... 1 1 | CH 1,1Q 4.84 
4289.03...) 2 3 | Ti1 9.07 (25), Fe 8.96 (1), |; 4305.15...) 1 2 | Fer 5.2 0( ), GHD 
CH 0, 0 Q 9.08, 8.95 5.09 
4289.37..| 3 3. | Cat 9.36 (40) 4305.45...) 4 3 | Sr a 5.45 (40), Fer 5.46 
4289.74..| 4 3 | Crt 9.72 (700) | , CH 0,0 Q 5.44, Cri 
4289.91... 2b) 1 | Cer 9.94 (300), (771 9.92 5 Xe (30) ’ 
|. 6 | 4305.73...) 2 2 | Scu 5.72 (10), (Pru 5.76 
4290.25..| 6 3 | Ti 0.22 (50), Fe1 0.38 (2) Hf (100)) 
4290.93..| 4b} 3 | 7710.93 (22), Fer 0.87 (1) || 4305.88... 4n | 3 | Ti1 5.91 (60) 
4291.07... 2b | 2 | CH0,0Q 1.11, Tz1 1.21 (5) || 4306.16..| 0 1 CHO0,0Q 6.15 
4291.46..| 3 3 | Fer 1.47 (4) 4306.68...) 2n 2 CH 0,0 Q 6.68, Fer 6.60 
4292.12..| 2n | 3 | Fer 2.14 (Pr) (1), Cem 6.72 (100) 
4292.28..| 2b} 1 | Fer2.29 (1), Mnir 2.25 (0) || 4306.80..| 3n > 2 | CH0,0Q 6.84, CH 1,1Q 
4292.71..; 1n | 2 | (Ti1 2.68 (1)) 6.84, Crt 6.95 (5) 
4293.10..) 3 3) Zru 3.14 (7), CH 0,0 Q 4307.29..| 1 2 | CH 0,0Q 7.31, Nit 7.29 
3.12, 3.02 (3) 
4293.49... 1 2 | Cr1 3.56 (20) || 4307.87..| 11 3.| Tim 7.90 (40), Fer 7.91 
4294.11...) 7 3 | Fer 4.13 (15), Ti 1 4.05, (35), Cat 7.74 (45) 
| 4.10 (40) 4308.54... In 3 | CH0,0Q 8.59, (Ti1 8.51 
4294.77...) 3 3 | Scum 4.77 (8) (2)) 
4295.17... 2n | 3 | CH 0,0Q 5.21, 5.04, Crim |; 4309.04..| 3 3 | Fer 9.04 (2) j 
| 5.37 (Pr) || 4309.40..) 3 3. Fer 9.38 (4), Fe1 9.46 (Pr) F 
4295.79... 2 3 | Crt 5.76 (25), Ti1 5.75 || 4309.66. .| 3 3. Yur 9.62 (50), CH 0,0Q { 
| (22), Nz1 5.89 (8) 9.71 
4296.03... O 3 | Lau 6.05 (300), V1 6.11 4310.12...) 1 3 | CH 0,0 Q 0.10, (Co 1 0.09 
(15), Gd 1 6.08 (150) (2)) 
4296.59...) 4 3 | Fem 6.57 (6), Ce 1 6.68 4310.45..| 1 3 | CH 0,0Q 0.45, Fer 0.38 
| (200) (Pr) 
4296.97... 1 3. Crt 7.05 (15), CH 0,0 Q 4311.10..) in | 2 | CH 0,0Q 1.15, 0.98 
| 6.96, Ni1 6.99 (2) |} 4311.48...) 1 3. CH 0,0 Q 1.44, 1.51. 
4297.25...) 1 3 | CH 0, 0 Q 7.29, 7.20 4342.21..| 1 3 | CH 0, 0 Q 2.30, 2.17, 2.08, i 
4297.60..' O 2 | (V1 7.68 (12)) Zr 11 2.23 ( (3) 4 
4297.78..| 0 1 | Crt 7.74 (30), (Pru 7.76 || 4312.54...) 0 1 | Mn12.55 (3), Cri 2.47 (5) \ 
(80)) | 4312.88..| 7 3 | Tim 2.86 (35) 
4298.05...) 3 3 Fe 8.04 (2), V1 8.03 (12) |} 4313.58...) 1 3 | CH 0,0 Q 3.59, 3.66 
4298.71...) 2 3 | Tit 8.66 (40), CH 0,0 Q 4314.11. 6n | 3.) Sc 1 4.08 (60) 
| 8.81, Nz1 8.77 (2) || 4314.28. 2b | 2 | Fem 4.29 (4) 
4298.99. .| 4 3. | Cat 8.99 (30) 4314.79..| Ob | 2 | Ti1 4.74, 4.80 (25) 
4299.25...) 6 3 | Fer 9.24 (18), Ti1 9.23 (15) || 4315.06 8 3. Fer 5.09 (10), Ti 1 4.98 
4299.65... 1 | 3| Fer 9.64 (1), Ti1 9.64 (15), || (40) 
| Cri 9.72 (20) | 4316.03.., On | 3. Gd 6.06 (150), Fer 5.96 
4300.07... 6 3 | Ti 11 0.05 (60) | (Pr) 
4300.56... 3 3 | Ti1 0.57 (50), CH0,0Q_ || 4316.81..| 3 3 | Tim 6.81 (1) 
| 0.58 | 4317.31..| 1 | 3) Zr 7.32 (12) 
4300.83.., 1 3 | Fer 0.82 (1) | 4318.15...) On | 1 | Ferm 8.22 (0) 
4301.10... 4 3 | Ti1 1.09 (50), CH 0,0 Q | 4318.66... 5 3 | Ca 18.65 (45), Tit 8.63 
1.13, Vm 1.13 (40), Cri | (10) 


| 1.18 (25) | 4319.46..; in| 3 Fer 9.46 (Pr) 





4319.80. . 
4320.77... 
4320.97. . 
4321.76. . 
4323.14. . 
4323.51. . 
4323.90. . 
4324.44. . 
4325.03. . 


4325.35... 
4325.78. . 
4326.33. . 
4326.76. . 
4327.12. . 
4327.91. . 
4328.02. . 
4328.65. . 
4329.26. . 
4329.43. . 
4330.27... 
4330.72... 
4331.03. . 
4331.65. . 


4332.50. . 
4332.85. . 
4333.28. . 
4333.76. . 
4334.15... 
4336.36. . 
4337.06. . 
4337.55. . 
4337.93. . 
4338.31. . 
4338.72. . 


4339.45. . 
4339.75. . 
4340.49. . 
4341.38... 
4342.06. . 


4342.36. . 
4342.80. . 
4343.26. . 
4343.72... 
4344.32... 
4344.50. . 
4344.96. . 
4346.26. . 
4346.57... 
4346.87... 
4347.24. . 
4347.87... 


4348.40. . 
4349.01... 
4349.33... 
4350.20. . 
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| Nir 5.36 (2), (Ti1 5.13 (9)) 
| Fer 5.76 (35) 

| Tir 6.36 (9) 

| Fer 6.76 (2), Mn ut 6.76 (3) 


| (Sm 11 9.02 (400)) 


| Cri 2.57 (15) | 
| Fe 2.88 (Pr) | 


| Cri 7.57 (75) 
| Tim 7.92 (50) 


| Cr1 9.45 (75) 
| Cr1 9.72 (60) 
| Hy 0.47 


| Fer 3.26 (2) 


| Cr1 4.51 (100) 

| Crit 5.08 (15) 

| (Mn 6.33 (Pr)) 

| Fer 6.56 (2), Fe 1 6.50 (Pr) | 


| Fe 9.72 (1) | 
| Sem 0.74 (50) | 
| 


| Cr 3.52 (30), Fe1 3.37 (Pr) 


| Fe mt 4.36 (Pr) 
| Sc 5.01 (40), Cr1 5.08 


Identification 





Ti 11 0.96 (1) 
Tit 1.66 (8) 
(Sm 1 3.28 (200)) 


(40), (Fer 4.97 (1)) 


Fe1 7.10 (3) 
Fe1 7.92 (2) 





(Fe 1 9.55 (Pr)) | 

Ti u 0.26 (0) 

Ti 11 0.71 (0), Ni 0.72 (2) | 

Fet 0.96 (1) 

Nit 1.64 (12), Fem 1.53 
(3) 


Zr 1 3.28 (15) 
Lat 3.76 (500) 
Sm 1 4.15 (400) 
Ce 11 6.26 (50) | 
Fe1 7.05 (10) 


Fet 8.26 (2) 

Fe 8.70 (Pr), Fer 8.84 
(Pr), Nd 11 8.70 (80), 
Cr 1 8.80 (15) 


Tit 1.37 (1) | 

Gd 11 2.19 (300), (Nd 1 2.07 | 
(20)) 

Fe 11 2.36 (0) 

V 1 2.83 (6) | 


Fet 3.70 (2) 
Ti 4.29 (2) 


Crit 6.83 (30) 

Fe 7.24 (1) 

Fe1 7.85 (1), (Sm 1 7.80 
(400) ) 

CH 0, 0 P 8.34 

Fer 8.94 (1) | 

Fe 1 9.28 (Pr) 
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TABLE Cone 


4350.88. . 
4351.05. . 
4351.58. . 
|| 4351.86. . 


4352.75. . 
4353.42. . 
4353.91. . 
4354.21... 
4354.61... 
4355.11... 
4355.91. . 


4356.34. . 
4356.61. . 


4357.54... 


| 4357.93. . 
4358.15... 
4358.54. . 
4358.74. . 
4359.65. . 


4360.24. . 


4360.42. . 


|| 4360.80. . 
4361.27... 
4361.75... 
‘| 4362.10. . 


4362.50. . 
4363.17... 


| 4363.61. . 
| 4364.12... 


|| 4364.68. . 


4365.04. . 
4365.90. . 
4366.49. . 
|| 4367.04. . 
|| 4367.63. . 
|| 4367.91. . 
|| 4368.30. . 


|| 4368.69. . 


4369.03. . 
|| 4369.41... 
4369.79. . 
|| 4370.28. . 
|| 4370.99. . 


4371.33. . 
4371.86... 





| Identification 











| Int. | N 

2n | 3| Tir 0.83 (1) 

2b | 2 | Cr1 1.05 (75) 

ib | 3 | Fer 1.55 (3) 

9 | 3 | Mg1 1.90 (30), Fem 1.76 

| (9), Crt1.77 (100) 
5 | 3) Fer 2.74 (9) 
Re oe oes hie Keo 3 
0 | 2! Cr13.98 (15), Cor 3.82 (4) 
0 |1| Fer4.27 (Pr), Fe 11 4.36 (2) 
3 | 3 | Scm 4.61 (5) 
3 | 3 | Cat 5.10 (25) 
in| 3) Nir 5.91 (3), CH 0,0P 
| 6.00, 5.69 

0 | 1) CHO,0P 6.35 

in | 2) CH 0,0 P 6.60, Cr1 6.76 
| _ (20) 

1 | 2 | Fem 7.57 (4), Cri 7.52 
1. 5 CES), Per fae (re) 
1 | 1| Nir7.85 (1) 
0 | 1) Nd 8.17 (200) 
3 | 3| Fer 8.50 (3) 
2 2 | Y 11 8.73 (30) 
4n | 3 | Cr1 9.63 (75), Nir 9.58 
| (10), Zr 11 9.74 (10) 

0 | 1) CHO,0P 0.28, Cr1 9.99 
| (20), Ce 11 0.16 (25), Fem 
| 0.03 (Pr) 

in | 2 | CH 0,0 P 0.47, Ti1 0.49 

(4) 

1 | 3 | Fer 0.81 (1), Cor 0.83 (10) 

1 | 1 Fer 1.25 (2) 

0 | 1 | (Cer 1.66 (18)) 

1 | 3) Nim 2.10 (1), Sm 1 2.04 

| (300) 
De LA 
1 | 3) CHO,0P 3.29, 3.08, Cri 
| 3.13 (12) 
1 | 1 | Mom 3.64 (10) 
1 | 3) CHO,0P 4.18, 4.03, Cri 
| 4.14 (10) 
0 | 2 | Cem 4.66 (125), La 1 4.66 
(100 

0 | 1 | Fer 4.89 (Pr) 

1 | 3 Fer 5.90 (1) 

On | 3 | CH 0,0 P 6.67, 6.49 

On | 1 | Fer 7.06 (Pr) 

5 | 3) Tim 7.66 (15), Fer 7.58 (5) 

3 | 3) Fer7.91 (2) 

1 2 | Cr18.25 (20), Fe 1 8.26 (1), 
| | Prim 8.33 (150), Nir 8.31 
7) a 

1 | 2) Fer 8.64 (Pr), (Nd 11 8.63 
(, | (©) 

Rh IY otra ots waivsins 3a 0 

3 | 3| Fe 11 9.40 (2) 

De cen tos dds pea 

1 3 G6 0 iat Zr 11 0.96 
(8) 

3 | 3 | C1 1.33 (4), Cri 1.28 (75) 

1% 
| 
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4382.78. . 
4383.57. . 
4384.34. 
4384.76. . 


4384.99. 
4385.40. . 
4386 19. . 
4386.86. . 
4387.49. . 
4387.90. . 
4388.42. . 
4388.78. . 
4389.24. . 
4389.69. . 
4389.98. 
4390.54. . 


4372.26. . 
4372.82. . 


4380.51. . | 
4380.75. . 
4381.14. . 
4381.71... 
4382.13. . 


| 


£313.31. .| 
4373.57. .| 
4373.86. . 


* 4374.17. . | 


4374.49. . | 
4374.92. .| 


4375.32. .| 
4375.58. . | 


4375.95. .| 
4376.40. . 
4376.80. . 
4377.25. . 
4377.79. . | 
4378.28. . 
4379 26. . 
4379.78. . 
4380.10. . 








4391.00. .| 
4391.71. . | 








4392.58... 
4393.37. . 


4392.11... 
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N Identification 





(3)) 
CH 0, 0 P 2.84, 2.72, Fe1 
2.99 (1) 


1 Cri 3.25 (35) 
3 | Fer 3.56 (2) 


Fet 3.90 (Pr), Cem 3.82 
(SO) 

Cr1 4.16 (40), CH 0,0 P 
4.21 


Sc 11 4.46 (40), Fert 4.49 (1) 
Y 11 4.94 (300), Ti 1 4.82 
i -@) 
Cri 5.33 (30), Tim 5.35 
(Pr) 
CH 0, 0 P 5.57, 5.65, Fet 
5.49 (Pr), (Co1 5.54 (2)) 
Fet 5.93 (9) 
| Fer 6.78 (1), Cr1 6.80 (25) 
Fe17.33 (1), CH 0, 0 P 7.23 
| Fe17.79 (1), Mo 11 7.76 (10) 
CH 0, 0 P 8.28, 8.22 
V 1 9.24 (150) 
Zr 11 9.78 (9), Crt 9.78 (20) 
CH 0,0 P 0.06, Co 1 0.07 (5), 
Ce 11 0.06 (30) 
| Cr1 0.55 (10), Mg1 0.38 (5) 
| CH 0,0 P 0.71 
| Cri 1.11 (35) 
| Fe 1.79 (Pr) 
| Cem 2.17 (200), Fei 2.00 


(Pr) 


Fe1 3.55 (45) 

Fe 4.33 (Pr) 

V 1 4.72 (125), Sc 114.81 (6), 
Fer 4.68 (1), (Nim 4.6 
(Pr)) 

Crt 4.98 (75) 

Fe 1 5.38 (7), Fer 5.26 (1) 

Ti ut 6.86 (10) 

Crt 7.50 (30) 

Fe 7.90 (3) 

Fe1 8.41 (4) 

(CH 0, 0 P 8.85) 

Fet 9.24 (2) 

CH 0, 0 P 9.76, 9.64 

V 1 9.97 (100) 

Mg 11 0.58 (10), Fe1 0.46 
(1) 

Fer 0.95 (4), Ti 0.98 (tr) 

Cri 1.75 (40), Cem 1.66 
(250), Fer 1.88 (Pr) 

V 1 2.07 (5), Cri 2.26 (10), 
Fer 2.31 (Pr), (CH 0,0P 
2.07) 

Fe1 2.58 (1) 


3 | Cr1 3.53 (12), (CH 0,0 P 


3.42) 





Fet 2.77 (2), Cr 2.85 (20) | 


TABLE 1—Cor 


'| 4394.07... 
4395.06. . 
|| 4395.50. .| 


| 


| 


} 





| 


| 
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|) 4395.85. . 


utinued 


4396.38. . | 


4396.81. . 
4397.13... 


4398.03. . 
4398.33... 


4398.74. . 


4399.14. . 
4399.77... 


4400.40. . 
| 4400.95. . 


4401.32 


4401.54... 
4402.84. . 


4403.17... 





4403.39. | | 


4404.26 


4404.76. . 
4405.36. . | 


4405.69. . 


4405.95. . 
4406.12. . 
4406.65. . 
4407.18... 
4407.70. . 


4408.19. . 
4408.46. . 
4408.89. . 


4409.23... 
4409.51... 
4410.02. . 
4410.20. . 
4410.57... 


4411.04. 


4411.47... 
4411.92... 
4412.28. . 
4412.83... 
|| 4413.60. . 
4414.25... 


4414.49. . 
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Identification 





Ti u 4.06 (2) 

Ti 11 5.03 (60) 

Fer 5.51 (1), Fer 5.29 (2), 
Crit 5.42 (18), CH 0, 0 
P 5.47 

Ti ut 5.85 (2) 

(Nit 6.89 (1)) 

Cr17.25 (30), CH 0,0 P 
7.14, 6.94, Fe 1 7.27 (Pr) 

Y 1 8.02 (50) 

Ti 8.31 (1), CH 0,0 P 
8.50 

Ce 11 8.79 (20), Ni 1 8.62 (3), 
CH 0, 0 P 8.70 

Ce 1 9.20 (60) 

Ti 1 9.77 (35), Cr1 9.82 
(30) 

Sc 11 0.36 (30), V 1 0.58 (60) 

“Nit 0.87 (3) 

Fer 1.29 (5), Zr tr 1.35 (2) 

Nit 1.55 (30), Fer 1.45 (2) 

Fe ut 2.88 (2), (CH 0,0 P 
2.83) 

(CH 0, 0 P 3.09) 

Crt 3.37 (35), Crt 3.50 
(40), Zr 11 3.35 (6) 

Tit 4.28 (10), Fer 4.10 
(Pr) 

Fe1 4.75 (30) 

Fer 5.42 (Pr), (Fet 5.04 
(Pr)) 

Pritt 5.85 (80), (Ti1 5.69 
(2)), (CH 0, 0 P 5.75) 

V1 6.15 (6) 

V 1 6.64 (80) 

(Cet 7.28 (40)) 

Fe 7.71 (5), Tim 7.68 (1), 
Cri 7.72 (40), V 1 7.64 
(70) 

V 1 8.20 (70) 

Fe 8.42 (6), V1 8.51 (90) 

Pr tt 8.84 (200), V m 8.92 
(40) 

Ti 9.22 (tr), Fer 9.12 (2) 

Ti 1 9.52 (tr) 

Cr1 0.30 (40) 

Ni1 0.52 (4), (Cem 0.64 
(30)) 

Ti 1.08 (15), 
(40), Cr1 0.9 

Ti 1.94 (1), Mn 1.88 (3) 

Cri 2.25 (40) 

Fe 11 3.60 (0) 

Fe1 4.23 (Pr), (Nit 4.20 
(Pr)) 

Zr ut 4.54 (5), Fe1 4.46 (1) 


C 
7 














4414.92... 
4415.15.. 
4415.57.. 
4416.37... 
4416.83. . 
4417.27.. 
4417.74... 
4418.36. . 
4418.80. . 
4419.06... 


4420.30. . 
4420.66. . 


4421.96. . 
4422.58... 
4423.17.. 


4423.82. . 
4424.13.. 
4424.32... 


4425.44. . 
4425.73. . 
4426.00. . 
4427.08. . 
4427.31.. 
4427.96. . 


4428.57... 
4429.30... 


4429.90. 


4430.13... 
4430.64. . 
4431.35... 
4431.83... 


4432.09... 


4432.58... 
4433.22... 
4433.80. . 
4434.00. . 


4434.32... 
4434.44. . 
4434.98. . 
4435.10... 
4435.67... 
4436.08. . 


4436.32... 


4436.96. . 
4437.53... 
4437.87... 
4438.33. . 
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Identification 


| 
| 
| 
| 


Mn t 4.88 (10) 

Fe 5.12 (20) 

Sc 1 5.56 (20) 

V 1 6.47 (20), Ti 1 6.54 (4) 

Feu 6.82 (7) 

741 7.27 (15) 

Ti 11 7.72 (40) 

Ti 11 8.34 (1), Fer 8.43 (1) 

Ce u 8.78 (200) 

Crt9.10 (10), Gd 1 9.04 
(150) 





Sc 1 0.66 (2), Feu 0.75 
(Pr), (Sm 11 0.53 (200)) 

Ti 1.95 (1) 

Fe 2.57 (6), Y 11 2.59 (40) 

Ti 11 3.22 (Pr), Fer 3.14 
(1), (V1 3.22 (8)) 

Fe 3.86 (2) 

Cr1 4.08 (10), Fert 4.19 (1) 

Cri 4.28 (40), Sm ur 4.34 
(600) 

Cat 5.44 (50) 

Fer 5.66 (1), Fer 5.77 (Pr) 

V 1 6.00 (20), Tit 6.05 (4) 

Tit 7.10 (40) 

Fer 7.31 (10) 

Tit 7.90 (Pr), Mg 1 8.00 
(7) 

Crt 8.50 (35), Fer 8.55 
(Pr), V 1 8.52 (15) 

Fe1 9.32 (1), Fe 19.21 (Pr), 
Ce 119.27 (100), Pr 119.24 
(100), Zr 1 9.34 (2) 

Lat 9.90 (400), V 1 9.80 
(15) 

Fe 0.20 (2), Ti1 0.02 (3) 

Fe 0.62 (6) 

Sem 1.37 (3), Tit 1.28 (4) 

(Fe m1 1.63 (1)), (Mn 1 1.92 
(1)) 

Ti 1 2.09 (tr), Crt 2.18 
(40) 


Fet 2.57 (3) 

Fer 3.22 (3) 

Fet 3.79 (3) 

Ti 1 4.00 (15), Mg 1 3.99 
(8), Crt 3.97 (20) 

Sm 1 4.32 (400) 

Cat 4.96 (60) 

Fert 5.15 (2) 

Cat 5.69 (40) 

V 1 6.14 (15), (Mnt 6.02 


(2)) 
Mnt 6.35 (8), (Zr 1 6.36 
(2)) 
Fet 6.93 (2), Nir 6.98 (5) 
Nit 7.57 (2) 
V 1 7.84 (20) 
Fet 8.35 (2) 








| 4449.54... 
4449.93... 
4450.35. . 
4450.47. . 
4450.87... 
4451.54... 
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TABLE 1—Continued 


4452.04... 
4452.57... 
4453.01. . 
4453.32... 
4453.68. . 
4454.07... 
4454.37... 
4454.78. . 


4455.05. . 
4455.30. . 


4455.88. . 
4456.32. . 
4456.63. . 
4457.04. . 
4457.49. . 


4458.20. . 


4458.50 
4459.09 
4459.32 
4459.76 


4460.27. . 
4460.71... 
4461.14... 


4461.37... 
4461.66. . 


—————= 
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Identification 

1 | 2 | Fer 9.13 (Pr) 

1 | 2) Fer 9.88 (2) 

1 | 3) Zr110.45 (10), Fe 1 0.48 (1), 

| Ti10.34 (10) 

In | 3 | Fer 0.97 (2), Fer 0.84 (1) 

O | 1} Nir 1.45 (2), Fe 1.56 (Pr) 

3 | 3| Tim 1.73 (Pr), V1 1.68 (25) 

5 | 3 | Fer 2.34 (12) 

2 | 3 | Fer 2.84 (2), Zr 11 2.99 (25) 

3 | 3 | Fer 3.20 (7) 

5 | 3} Tim 3.80 (50) 

0 | 1) V14.21 (20) 

3 3 | Tim 4.56 (1), Fe 1 4.56 (1) 

0 |.3 | Fer 5.48 (1), Fe 1 5.26 (Pr) 

0 1 | Zr11 5.88 (1), Co1 5.71 (4) 

On | 2 | Fem 6.25 (1), Nd u 6.39 
(200) 

2 | 31} Fer 6.84 (2) 

2 | 3} Fer7.13 (2) 

5 | 3]! Fer 7.72 (9) 

at 2 ee ee 

2 | 3 | Ti1 9.14 (30), Cem 9.34 

| | (200) 

0 | 1 | Fer 9.66 (1), (V1 9.57 (5)) 

0 | 1 | Pri 9.87 (150) 

1b | 1 | Fer 0.32 (2), Ni1 0.30 (2) 

4n | 3 | Ti11 0.49 (10) 

1 3 | 7710.90 (25), Fe1 0.76 (Pr) 

4 | 3) Fer 1.54 (4), Mn 1 1,59 
(15), Nd 1 1.56 (400) 

1 1 | V12.01 (20) 

1 2 | Fer 2.62 (Pr) 

1 3 | Mnt 3.00 (6) 

2 | 3 | Ti13.31 (30), V 1m 3.35 (30) 

1 2 | T#1 3.71 (20) 

1 12) ee a OME? 

4 | 2] Fer 4.38 (5) 

6 | 3 | Car 4.78 (80), Zr m 4.80 
(10) 

1 2 | Fer 5.03 (2), Mnt 5.01 (5) 
3 | 3 | Fer 5.26 (3), Ti1 5.32 (30), 
Mn t 5.32 (6) 

4 | 3} Car 5.89 (40), Mnt 5.82 (6) 

1 3 | Fer 6.33 (1) 

2 | 3 | Car 6.61 (10), Tz 1 6.65 (tr) 

0 | 3 | Mnt 7.04 (5) 

3 | 3| Ti17.43 (40), Mn17.55 (8), 
V 17.48 (15), Zr 11 7.42 (8) 

3 | 3| Fer 8.10 (3), Mnt 8.26 (12) 

1 2 | Cri 8.54 (45) 

5 | 3| Fer 9.12 (10), Ni1 9.04 (20) 

1 3 | Cri 9.34 (18) 

1 3 | V1 9.76 (30), Cri 9.74 (25) 

2 | 3 | V10.29 (50), Cem 0.21 
(400) 

O | 1} Cr1 0.77 (18) 

2 | 3 Fer 1.20 (2), Zr 1.22 (10), 
Mnt 1.08 (8), Cem 1.14 
(SO) 

1 1 | Fer 1.37 (1), Fe m 1.43 (Pr) 

3 | 3 | Fer 1.65 (8) 
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4462.00. .| 
4462.44. . 
, 4462.73. .| 
4462.98. .| 
4463.40. . | 


) 4463.84. . 
4464.49. . 
4404.72... 
4405.28. . 


4465.81. . 
) 4466.55. . 
) 4466.92. . 
4467.30. .| 
4467.48. . | 
4467.86. .| 
4468.50. | 
4469.17. . | 
4469.39. .| 
4469.73. .| 
4470.15. . 
) 4470.50. . | 

4470.85. .| 
4471.24. .| 


4471.77. .| 
4472.15. . | 

4472.67. .| 
4472.89. | 
4473.69. .| 
4474.79. .| 
) 4476.04. | 
4476.62. . | 

4476.92. .| 
4477.50. . | 
4478.62. . 
4479.57... 
) 4480.12. . 
4480.57... 


4481.21. . 
4481.60. . 


4482.20. . 
8 4482.74. . 
4483.28. . 
4483.75. . 
4484.22. 
4484.85. . 
4485.13. . 
4485.69. | | 
4486.92. . | 
4487.19. | 
4487.71. .| 
4 4488.28. | 
4488.88. | 
4489.16. | 
4489.75. | 
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Identification 


| Mn 2.02 (20), Fer 1.99 (4) 
| Nit 2.46 (10) 
| Cri 2.77 (30) 

Nd u1 2.98 (250) 

Ti 1 3.39 (8), Nix 3.43 (3), 

Ce 11 3.41 (60) 

Ti 11 4.46 (1), V 1 4.32( 40) 
Fe1 4.77 (2), Mn 4.68 (8) 


Cri 5.15 (20) 
Tit 5.81 (20) 
Fe1 6.55 (12) 
Fet 6.94 (2), Cor 6.88 (10) 
Sm ut 7.34 (500) 
Fe 7.45 (1), Crt 7.56 (30) 
Ni1 7.94 (2) 
Ti 1 8.49 (50) 
Ti 11 9.16 (tr) 
Fe t 9.38 (5) 
V 19.71 (15) 
Mn 0.14 (6) 
Nit 0.48 (15) 
Ti 11 0.86 (tr) 
Tit 1.24 (20), Cem 1.24 
(200) 
Fei 1.81 (1), Fer 1.68 (1) 
Ca 11 2.09 (0) 
Fet 2.72 (2) 
Feu 2.92 (2), Mn 2.79 (5) 
Cr 1 3.78 (40) 
Tit 4.85 (8), V1 4.71 (12) 
Fe1 6.02 (10), Fe1 6.08 (4) 
Cri 7.02 (35) 
(Y 1 7.44 (25)) 
(Sm 11 8.66 (125)) 
Fet 9.61 (3) 
Fet 0.14 (3), Fe1 9.97 (Pr) 


Tit 0.60 (5) 
1.26 (30) 


Cr 11 1.49 (1) 
Fet 2.26 (6), Fet 2.17 (4) 
Feit 2.75 (2), Tit 2.69 (10) 
Fe 3.78 (Pr) 
Fe 1 4.23 (4) 
Fe 11 4.93 (Pr) 
Eu 5.15 (100) 
Fet 5.68 (2) 
Cem 6.91 (150) 
Fe17.01 (Pr) 
Fe1 7.75 (Pr) 
Ti 11 8.32 (15), Fer 8.14 (2) 








Fe 11 9.18 (4), Tit 9.09 (20) 
Fet 9.74 (3) 


Cr 1 5.36 (35), Fe1 5.33 (1),! 


Mgt 1.13, 1.33 (100), Tir | 
Fet 1.62 (2), Cri 1.44 (18), || 








| 


Ni1 0.57 (3), Fe 1 0.69 (1), | 


nN 


| 


4490.75. .| 


4491.41... 
4492.23. . 
4492.64. . 


| 


4493.53. .| 


4494.06. . | 
4494.57... 
4495.03. . 
4495.47... 


4496.01. . | 


4496.88. . 
4497.71... 


4498.30. .| 


4498.93. .| 


4499.14. .| 
4499.74. . | 


|| 4500.34. . | 


4501.26. .| 


| 4501.81... 


4502.22. . 
4502.69. . 
| 4503.19. . 
4503.77... 
4504.34. . 
4504.78. . 
4506.76. . 


4508.29. .| 


4509.18. . 
4509.35. . 
4509.75. . 
4510.83. . 
4511.00. . 
4511.91... 
4512.72... 


4513.44. .| 


4514.30. . 
4515.34... 
| 4516.30. . 

4516.44. . 
4516.68. . 
4517.12. . 
‘| 4517.54. . 


| 4518.01. .| 
4518.34. .| 
4519.26. .| 
4519.67. .| 
4520.23. .| 


Fet 8.92 (2), V1 8.90 (20) |, 


4521.19... 


4522.66. .| 
4523.43. .| 


4524.04. . 


4524.71 
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Fe1 0.08 (2), Mn1 0.08 (5) 
Fe1 0.77 (2) 

Fe 1.40 (5) 

Cri 2.31 (40) 

Fet 2.69 (1), Ti1 2.54 (3) 
Ti 11 3.53 (1), Fem 3.58 (1) 
Fe1 4.06 (Pr) 

Fet 4.57 (12) 

Tit 5.01 (4), Cri 5.04 (4) 
Ti 1 5.46 (Pr), Fe1 5.39 (1), 
Fet 5.57 (1), Zru 5.44 

(3), Fem 5.52 (Pr) 
fet 5.97 (1), (V 1 6.06 (8)) 
Cr1 6.86 (100), Zr 1 6.96 
(15) 
Tit 7.71 (3), Nat 7.66 (2) 








Feit 9.71 (0) 
Ti 0.32 (Pr), Cr 10.30 
40 


(40) 
Ti u 1.27 (40), (Cri 1.11 
35 


)) 

Cri 1.79 (25), Nd 1.81 
(50) 

Mn 1 2.22 (7) 

Fe 2.59 (1) 

Cr 3.05 (12) 

Tit 3.76 (4) 

(Fe1 4.21 (Pr)) 

Fe 4.84 (2) 

Ti 6.74 (Pr), Cri 6.85 
(30) 

Fe 11 8.28 (8) 

(Fe 9.13 (Pr)) 

Fe1 9.31 (1), Cat 9.45 (3) 

Fe1 0.84 (Pr) 

Fe 1.07 (Pr) 

Crt 1.90 (60) 

Tit 2.73 (40), V 11 2.72 (60) 

Fe1 4.19 (2), Cr1 4.37 (20) 

Fet 5.34 (7) 

Fet 6.27 (Pr) 

(Fe1 6.46 (Pr)) 

| Co1 7.09 (4) 

| Fer 7.53 (2), Fet 7.60 (Pr) 

| Tit 8.02 (50) 





Ti 1 8.30 (Pr), Fe1 8.45 (1) 
(Co1 9.28 (1)) 

| Sm 11 9.63 (200) 

| Feit 0.22 (7), Fei 0.24 (1) 
Cri 1.14 (25) 

Feu 2.63 (9), Ti1 2.80 (40) 
Fe1 3.40 (2) 


| Tin 4.73 (1) 

















4526.44. . 


4526.94. . 
4527.36. . 


4527.77.. 
4528.09. . 
4528.62. . 
4529.54. . 
4530.04. . 
4530.24. . 
4530.78. . 


4531.10. . 
4531.63. . 
4532.04. . 
4532.22. . 
4532.41. . 
4533.01. . 
4533.25. . 
4534.02. . 
4534.18. . 
4534.80. . 
4535.16. . 
4535.64. . 
4535.98. . 
4536.48. . 
4537.23. . 
4537.48. . 
4538.76. . 
4539.67... 


4540.58. . 
4540.81. . 
4541.08. . 
4541.54. . 
4542.43... 
4542.74... 


4543.26. . 
4543.44. . 
4543.70. . 
4544.02. . 
4544.66. . 
4545.16... 
4545.39. . 
4545.96. . 
4546.34. . 
4546.97... 
4547.20. . 
4547.84. . 
4548.15... 
4548.62. . 
4548.77... 
4549.60. . 
4550.76. . 


| Int. 


4525.15... 
4526.03... 
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1 | Cr1 6.11 (40), Lan 6.12 || 
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Identification 





Fer 5.14 (5), Tim 5.21 (Pr) || 4551.25. . 
| 4351.66... 
|| 4552.44. . 


(200), Fe 1 5.75 (Pr), 
(Fer 5.87 (1)) 
Cri 6.47 (75), Fe 1 6.56 (2) } 
Fe1 6.41 (Pr) 
Cat 6.94 (30) 
Cr 17.34 (40), Ti1 7.30 (35), | 
Cet 7.35 (200) 
Fe1 7.78 (1) 
Fe1 7.90 (1), V1 7.99 (5) 
Fe 8.62 (18), V 18.51 (300)! 
Tim 9.46 (1), Fe1 9.56 (1) | 
Mn 11 0.03 (5) 


Cr 10.69, 0.76 (100), Cur | 

0.78 (110) 
Fer 1.15 (8) | 
Fet 1.63 (2) 


(Fer 3.14 (1)) 
Tit 3.24 (80) | 
Ti 3.97 (30) 
Feu 4.17 (2) 
Ti1 4.78 (60) 
Cri 5.15 (35) 
T$1 8:57 (SO), Cr $.72 (60) | 
Tit 5.92 (40), Tit weakeg! 
Fe1 6.51 (1) 
Fe1 7.68 (1) | 
Fei 8.76 (1), Fer 8.84 (2) | 
Cr19.79 (30), Cr 11 9.62 (2), 
Ce 1 9.76 (200) | 
Cr 10.50 (50) | 
Cr10.72 (50) 
Cri 1.07 (30) 
Fer 1.52 (4), Crt 1.51 (25) | 
Fe 2.42 (2) 
Fe 2.72 (1), Cri 2.62 (35), | | 
(Crit 2.77 (Pr)) 
Fei 3.24 (Pr) 
Cr 3.74 (20), Cor 3.81 (6) | 
Tiu 4.01 (tr) | 
Tit 4.69 (30), Cr 1 4.62 (50) 
Ti 5.14 (tr) 
V 1 5.39 (25), 
Cr1 5.96 (50) 
Fe 6.48 (Pr) 
Fe1 7.02 (2), 
Nit 7.23 (3) 
Fet 7.85 (4), Tit 7.85 (2) 
Tit 8.09 (2) 
Tit 8.76 (35) 
Ti 11 9.62 (60), Fe 11 9.47( 10) 


Cri 5.34 (25) | 


Nit 6.93 (5) 








4553.04. . 
|| 4553.30. . 
|| 4554.05. . 
4554.54... 


4555.00. . 
|| 4555.49. . 
4555.91... 
4556.08. . 
4550.76. . 
4556.97. . 
4557.29. . 
4558.14. . 
4558.66. . 
4559.32. . 
4560.08. . 
4560.79. . 
4560.95. . 
4561.43. . 


4562.36. . 
4563.17. . 
|| 4563.77... 
4564.64. . 


4566.87. . 
4567.36. . 
4568.32. . 
4568.82. . 
4569.40. . 
4569.60. . 
4571.08. . 
4571.98. . 
4572.80. . 
4573.62. . 
4574.18. . 
4574.45. . 
4574.76. . 
4575.61. . 
4576.34. . 
4577.16. . 
4577.74. . 


4578.55... 
| 4579.30. . 
4579.44... 
4580.04. . 


4580.47. . 
4580.54. . 
4580.93. 
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Nit 1.24 (3) 

Fei 1.67 (1) 

Tit 2.45 (35), Fe1 2.54 (3), 
Ti ut 2.25 (Pr) 

V 1 3.06 (7) 

(Co 1 3.34 (2)) 

Ba ur 4.03 (1000) 

Feit 4.46 (1), (Ruw1 4.51 

__(1000)) 

Cr ur 5.02 (20) 

Tit * 49 (30) 

Fe 11 5.89 (8) 

Fet 6.13 (4), Cri 6.17 (40) 

(Fer 5.74 (Pr)) 

Fet 6.94 (1) 


Fer 8.11 (1), Tit 8.09 (2) 

Cr 1 8.66 (100) 

Lau 9.28 (100) 

Fe1 0.10 (2) 

V 10.71 (20) 

Ce 11 0.96 (60) 

Cri 1.54 (10), 
(2)) 

Ce 11 2.36 (400) 

Crit 3.24 (15) 

Ti 3.76430) 

V 114.59 (200), Fe 14.71 (1), 
Fe1 4.83 (1) 

Cri 5.51 (50), Co 15.58 (15), 
Fe 15.32 (2), Zr 11 5.43 (3) 

Fet 5.67 (2), Crit 5.78 (10) 

(Sm ut 6.21 (200)) 

Fet 6.52 (2), Cre 6.60 (7) 

(Fet 6.99 (1)) 

Nit 7.42 (1) 

Tiu 8.31 (1) 

Fe 8.79 (1), Fer 8.84 (1) 

Cri 9.53 (20) 

Cr 1 9.64 (30), Cr 1 9.53 (20) 

Mg1 1.10 (5), Cri 1.10 (25) 

Ti 1.97 (50) 

Fe 2.86 (1) 

(Cr ut 3.63 (Pr)) 

Fe 4.24 (1), (Ni1 4.03 (1)) 

Zr 11 4.49 (6), Cr1 4.45 (6) 

Fet4. ¢- (2), La 14.87 (200) 

(Fer 5.80 (1)) 

Fe 1 6.33 (4) 

V 17.17 (40) 

Feu 7.78 (Pr), 
(250)) 

Cat 8.56 (30) 

Fe 9.34 (1), Fe1 9.06 (Pr) 

Fer 9.52 (1) 

Cr 10.06 (40), Fe 1 0.06 (1), 
Lat 0.05 (150) 

Ti 0.46 (1), V1 0.39 (40) 

Fe1 0.60 (2) Ni1 0.62 (3) 

Cri 1.06 (10) 


(Cri 1.20 


(Sm 11 7.69 
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Dell cell coll a” a a” SY Se Oe 





ii 


(Pr) 


) (1), 


(40) 
3) 








r 


4581.44... 
4582.37... 
4582.85. 
4583.42... 


4583.86. . 
4584.28. . 


4584.78. . 


4585.20. . 
4585.37. . 
4585.90. . 
4586.20. . 
4587.12. . 
4587.58. . 
4588.21. . 
4588.72. . 
4589.15. . 
4589.40. . 
4589.95. . 
4590.75. . 
4591.46. . 
4592.06. . 
4592.60. . 
4593.34. . 


4593.86. . 
4594.04. . 


4594.88. . 
4595.39. . 
4596.01. . 
4596.46. . | 
4597.07. . | 


4597.32. .| 
4597.82. . | 
4598.12. . 
4598.82. . | 
4599.86. . 
4600.01. . 


4600.31. | 
4600.79. . | 
4601.38. .| 


4602.02. .| 
4602.95. 
4603.40. .| 
4603.81. .| 
4603.95. 
4604.55. .| 
4605.02. .| 
4605.44. 
4605.58. | 
4606.23. | 
4607.34. | 
4607.64... 


—_—_ Ba 
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Identification 
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Identification r 
4 | Ca1 1.40 (40), Fer 1.52 (2), 4609.28. . 
Co 1 1.60 (20) 4611.28... 
3 | (Fem 2.12 (Pr)) 4612.02. . 
4 | Feit 2.84 (3), Fer 2.94 (1) 4612.50. . 
3 | Tir 3.44 (1) 4612.62... 
: Fe 11 3.83 (11) 4613.28. . 
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CONN 
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—e ON 
=] 
m= ON > ew 


mm DO Dd 


| Fert 1.34 (Pr), (Sc 1.45 || 4635.32... 








Ne RR Roe HOO Rt 


3 
4] 


Cri 4.10 (20), Feu 3.99 4613.95... 
(Pr), (Ru 1 4.44 (150)) 4614.56. . 
Fe 4.82 (2), Fe1 4.72 (1), 


Cri 4.75 (12) 4614.74. . 
Cr 15.09 (18), Cr1 4.93 (15) || 4615.60. . 
4616.14. . 


Cat 5.87 (50), Cat 5.92 (2) || 4616.65. . 
V 1 6.36 (50), Cr1 6.14 (20) || 4617.28. . 


Fe1 7.13 (2) 4617.93... 
Fe 7.73 (Pr) 4618.04. . 
Cr 1 8.22 (75) 4618.38. . 
(Co 1 8.73 (1)) 4618.81. . 
Ig aaNet ct oe Ne PCS > pues Se cek 4619.30. . 
(Dy 1 9.37 (150)) 4619.53. . 
Ti 11 9.96 (2), Cr 9.89 (3) || 4619.99. . 
Cri 0.69 (8) 4620.54. . 
Crt 1.39 (60) 4621.15... 
Cr 1 2.09 (20) 4621.43. . 
Fe 2.66 (5), Ni1 2.53 (10) || 4621.58... 
Fet 3.54 (1), (Cs1 3.18 4621.95. . 

(1000)) 4622.50. . 
Ce 11 3.93 (200), Cr1 3.84 || 4623.10... 

(8) 4623.81... 
V 1 4.10 (60), (Eu 1 4.03 4625.05... 

(10000)) 4625.81. 


Ni1 4.91 (5), (Fe1 4.96 (2)) || 4626.16. . 
Fe 5.36 (2), Cr1 5.59 (45) || 4627.36. . 
Fe 6.06 (2), Nir 5.95 (4) || 4628.19. . 





Fe1 6.43 (1) 4629.35. 
Co 1 6.90 (5), (Fe1 7.04 
(Pr)) 4630.13... 
aiken Nee emer | 4630.56. 
PRA OOM ES Lae itl || 4631.51. 
Fe1 8.12 (2) 4632.07... 
Cr1 9.00 (8), Fe1 8.74 (Pr) 

Iie RRR 4 4632.90... 
Cr10.10 (40), V1 0.19 || 4633.70... 
150) 4634.09... 

Ti 1 0.28 (Pr), Nir 0.37 (6) || 4634.59... 
Cr1 0.75 (75) 4634.71. 








(Pr)) | 4635.89. . 
Fex 2.01 (2) | 4636.38. . 
Fe 2.94 (9) 

Fet 3.35 (Pr) 4636.84. . 
MAS 5 ee ah Re prin tee 4637.12. . 
Fer 3.96 (1) | 4637.51. . 
(Cr1 4.58 (5)) 4638.03. . 
Nit 4.99 (12) 4639.38... 
Mnt 5.36 (4) 4639.55... 
(Lau 5.78 (100)) 4639.64. . 
Nit 6.23 (3) || 4640.28. . 
Sr 7.33 (1000) | 4641:17.. 





Fe 7.66 (3) | 4641.95. .| 
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a -Ogvroe 


eo © eee ORR wD 
PP Poe he 
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NK KWL hee 


Cor kK ORM Re Wt 


Ti 9.26 (Pr) 

Fert 1.28 (5) 

Crt 1.97 (15) 

(Dy 1 2.27 (100)) 

Fe 2.62 (Pr) 

Fet 3.21 (2), Cri 3.37 (60) 

Zr 11 3.95 (5) 

Crt 4.52 (12), (Ni1 4.58 
(1)) 

Crt 4.73 (10) 

(Sm 1 5.69 (300)) 

Cri 6.14 (75) 

Cr 1 6.64 (18) 

Tit 7.27 (30) 

(Nit 7.94 (1)) 


Cru 8.83 (35), Fe 1 8.76 (2) 
Fe1 9.29 (3) 

Crt 9.55 (40), Tit 9.52 (3) 
Lau 9.87 (300) 

Fe 11 0.51 (3) 

(Cri 1.00 (4)) 

(Cru 1.41 (Pr)) 

Fet 1.62 (Pr) 

Cri 1.89, 1.96 (45) 

Cr1 2.49 (35), Fe 1 2.40 (Pr) 
Tit 3.10 (25) 


| Fer 5.05 (3) 


Fer 5.91 (1), (Co1 5.77 (2)) 

Crt 6.19 (65) 

(Eu 1 7.22 (8000)) 

Ce u 8.16 (500) 

Fe 11 9.34 (7), Ti1 9.34 (15), 
Cot 9.36 (15) 

Fe1 0.12 (2) 

Fe 0.78 (1) 

Fet 1.50 (1) 

Cr 12.18 (35), Fe 12.15 (Pr), 
Fe 11 1.90 (0) 

Fe1 2.92 (2), Fe1 2.82 (Pr) 

Fet 3.76 (1) 

Crit 4.11 (25) 

Fe 11 4.60 (Pr), Crt 4.59 (5) 


| Few 5.33 (5) 


Fet 5.85 (1) 

Ti 6.34 (1), Lau 6.42 
(80) 

(Fer 6.68 (Pr)) 

Cr1 7.18 (40) 

Fe1 7.51 (3) 

Fet 8.02 (3) 

Tit 9.37 (18) 

Cri 9.54 (35) 


| Tir 9.67 (15) 


3 | Fet 1.22 (Pr) 
| Cri 2.01 (10) 








r 


4642.23... 


4642.73. .| 


4643.47. . 


4644.22. .| 


4645.20. . 


4646.18. . | 


4646.66. . 
4647.42... 


4647.95. .| 


4648.70. . 


4648.95. | 


4649.55... 
4649.63. . 
4650.12. . 


4650.47. . 
4651.27. . 
4652.16. . 
4652.63. . 
4652.90. . 
4653.34. . 
4653.47... 
4654.05. . 
4654.58. . 
4655.65. . 


4650.44. . 


4656.66. . | 


4657.13... 
4658.13. . | 


4660.45. . | 


4660.89. . 


4661.50. . | 


4662.00. . | 
4662.80. . 
4663.29. . 


4663.78. . 


4664.76. .| 


4665.89. . 


4666.74. . | 


4667.48. . 
4668.12. . 
4668.60. . 
4669.20. . 
4669.74. . 


4670.32. . | 


4671.38. . 
4672.33. .| 
4672.78. . 
4673.19. .| 
4674.07. . 
4674.70. . 
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Int. | N Identification 
0 1 | Sm 2.24 (500) 
0 | 1 {| Fer 2.59 (Pr) 
2 | 4! Fer 3.47 (2) 
0 | 1 | Fer 4.09 (Pr) 
0 | 1 Tit 5.19 (12) 
3. | 4| Cr1 6.17 (100) 
1 | 2 | (Cri 6.81 (20)), (Sm 11 6.68 || 
/ | (200)) 
3 | 4) Fe1 7.44 (6) 
He el Reena eet ee nee eer rr.» 
2 | 4| Nit 8.66 (15) 
1 | 1 | Cr18.87 (35), Feu 8.93 (0) | 
Inn} 2 | Cr1 9.46 (45) 
In | (Pe See ten Pee Ae ae 
Inn} 1 | Ti1 0.02 (10), Fe 11 0.04 
(Pr) 
ay | ld ae Oli ee eee emer ree 
2 | 4] Cr1 1.28 (75) 
3 | 4) Cr1 2.16 (100) 
0 | 1. Fem 2.28 (tr) 
0 | 1) (Mn 2.82 (1)) 
O + 1.).@ersst @)) 
O | 1) Fe13.50 (Pr) 
0 | 1) Cem 4.29 (30) 
5 | 4| Fer 4.63 (5), Fe1 4.50 (5) 
In| 4 Lau 5.49 (400), Tim 5.75 
(—), Nir 5.66 (2), Ti 
5.71 (3) 
1 | 3) Ti1 6.47 (25) 
1 Ie Sy AE Cero p ee Sree 
3n | 4 Tim 7.21 (tr), Fem 6.97 (1) 
O | 1)! Fer 8.29 (1), Fem 8.03 (Pr) || 
et 3 RR Se See Wits ery, 
0 | 1) Fer 0.93 (Pr) 
1 | 3| Fer 1.54 (2) 
1 | 3 | Fer 1.98 (2) 
0 | 1. Tim 2.74 (Pr) 
1 | 4! Cr13.33 (40), Fer 3.18 (1), 
| Co 1 3.40 (12) 
2 | 4} Lat 3.76 (300), Cri 3.83 ] 
| (55), Fer 3.70 (0) 
2 4 Cr14.80 (60), Na1 4.81 (3),|| 
(Fe 11 4.79 (Pr)) 
In | 4 |} Cr15.90 (35), Fe 11 5.80 (Pr) 
3. | 4) Fer 6.75 (2) 
4 | 4) Fe1 7.46 (6), Ti1 7.58 (25) || 
3 4} Fer 8.14 (6), Fert 8.07 (Pr) 
1 4 | Nat 8.56 (4) 
2 4 | Fe19.17 (4), Crit 9.34 (50) 
1 1 | Cri 9.67 (10), (Sm 1 9.65 
(500)) 
4n | 4} Sc 110.40 (15), V 10.48 (25), 
| Fert 0.17 (0) 
In | 4 | Crit 1.36 (Pr) 
2 Bh a ome ects le ph cee 
0 1 | Fer 2.84 (Pr) 
Y 4 | Fe13.17 (4), Fer 3.28 (Pr) | 
1 - fy te es RET hee tec ene ed oF 
0 1 


| Fe1 4.66 (Pr), Nir 4.73 (2), 








Sm 11 4.60 (600) | 


( 


4675.01. .| 


4675.59. .| 
4677.61. . 
4678.17... 


4678.84. . 
4679.22. . 


4679.74. .| 


|| 4680.14. . 


4680.31... 
4680.51. .| 
4680.75. .| 


4682.04. . 
4682.36. .| 


| 4683.53. . 


4684.54. . | 
4685.29. . | 
4686.23. .| 


4680.78. . 
4687.32. . 
4688.22. . 
4688.71... 


4689.44. .| 


| 4690.14. . 
| 4691.42. . 
| 4691.58... 
| 4691.86. . 
| 4692.53... 
| 4692.71.. 
4693.26. . 
4694.07... 
| 4694.81. . 
4694.96. . 
4695.48... 
| 4696.26. . 
4696.95... 
4697.63... 
4698.54... 


4699.35... 
| 4700.17... 
4701.06. . 
| 4701.52. . 
| 4702.34. . 
| 4703.00. . 
| 4703.80. . | 
| 4704.50. . 
| 4704.95. . 
4705.47... 
4706.52. . 
4707.31... 
4708.01... 
4708.67. . 
4709.08. . 


4709.70. . 
4710.27... 











aia 














Int. Identification 
0 1 | Tir 5.12 (10), (VY 1 4.85 
hia 

O | 1! Nir 5.64 (2) 

QO | 1) Fer 7.60 (Pr) 

RE SPR eee 

3 | 4 | Fer 8.85 (7) 

1 | 3 | Fer 9.23 (1) 

QO | 1! (Cri 9.87 (Pr)) 

2b | 2 | Zn1 0.14 (45) 

ee Fe1 0.30 (2) 

Ib | 2 | Crt 0.49 (50), Fe 1 0.48 (1) 

1 | 1 | Cr1 0.87 (35), (Nd 11 0.73 

|_| _ (30) 

2nn| 3 | Tir 1.91 (30) 

On | 1 Y ut 2.32 (20), Co1 2.36 (9) 

1 | 3 | Fer 3.56 (2) 

O | 2 | Cr1 4.60 (12) 

1 3 Cat 5.26 (12) 

2 3 | Nit 6.22 (5) 

0 1 | V1 6.93 (6) 

In | 2 | Fer 7.39 (1), Fet 7.31 (Pr) 

1 3 | (Fer 8.38 (Pr)) 

0 1 | (Law 8.65 (40)) 

1 3 | Cr19.37 (65), Ti 11 9.46 (Pr) 

1 3 | Fe1 0.15 (3) 

4 | 3) Fer 1.41 (6), Tit 1.34 (20) 

a a Fe 1 1.55 (Pr) 

1 1 ere 

On | 1 | La 1 2.50 (200) 

1 er 

1 1 Cot 3.19 (6) 

1 3 | $14.13 (10), Cr 3.95 (45) 

1 3 AEM ERE 

0 1 | Cr1 5.15 (30) 

1 3 | S15.45 (8) 

0 | 2 | S51 6.25 (6) 

1 1 | Crit 7.06 (40), Ti1 6.92 (4) 

0 | 1 | Crit 7.62 (2) 

2n | 3 | Cr18.46 (60), Cr1 8.62 (50), 
| Tim 8.67 (Pr), Tit 877 
| (20), Se 1 8.28 (2) 

2 3 | Fe10.17 (2) 

1 3 | Fer 1.05 (1), Mnt 1.16 (3) 

1 3 | Nir 1.54 (3) 

8 | 3) Mg12.99 (40) 

1 | 3| Ni13.81 (4) 

0 | 3} (Sm 4.40 (500)) 

1 3 | Fer 4.96 (5) 

1 2 | Fer 5.46 (1) 

1 3 | V16.57 (12), Nd 116.54 (100) 

4 | 3| Fer7.28 (8), Fer 7.49 (2) 

1 3 | Cri 8.04 (60) 

2 | 3) Ti 1 8.66 (tr) 

2 | 3) Fer 9.09 (3), Fer 8.97 (1), 
| Fert 8.97 (3) 

1 3 | Mn1 9.72 (10) 

3. | 3| Fer 0.29 (5), Cr1 0.24 (6), 





Tit 0.19 (18) 











473¢ 
473; 


4733 
4738 


4739 
4739 


4740 


4741, 
4741, 
4742, 
4742. 
4742, 


4743, 
4744. 
4745 | 
4745.7 
4745.§ 











» 


4711.49. . 
4712.11. . 
4714.42. . 
4715.10. . 
4715.77. . 
4716.62. .| 


4717.61. .| 


4718.42. . 
4719.52. . 
4721.01. . 
4721.54. . 
4722.15. . 
4722.77. . 


$723.15... 
4724.46. . 
4725.03. .| 
4725.40. . 
4726.23. .| 
4727.40. . 
4727.94. . 
4728.53... 
4729.08. . 
4729.58... 
4730.01. .| 
4730.72. .| 
4731.47. .| 
4731.83. 
4732.48. . 
4732.97... 
4733.23... 
4733.58... 
4734.12... 
4734.74. 

4735.84. .| 
4736.79... 
4737.35... 


4737.67. . 
4738.32. . 


4739.13... 
4739.57. . 


4740.37. . 


4741.00. . 
4741.55. 

4742.17... 
4742.64... 


4742.82 


4743.82. . 
4744.39. 


4745.08. 
4745.29. . 
4745.81. . 
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Fer 2.10 (1), Nit 2.07 (2) 

Nit 4.42 (25) 

Crit 5.12 (1) 

Nit 5.78 (8) 

Fet 6.84 (Pr), La 11 6.44 
(80) 

V 17.69 (10), Cri 7.69 (10). 
(La 11 7.58 (50)) 


| Crt 8.43 (75) 


Tit 9.52 (1) 
Fer 1.00 (1) 


| Vr 1.52 (6) 

| Zn 12.16 (75) 

Cr 1 2.74 (10), Tit 2.60 (10), | 
| 


| Tit 3.17 (10 


V 1 2.88 (8) 


| Crt 4.42 (35) 
| Ce ur 5.09 (20) 


| Fer 6.16 


(1) 
Fe1 7.40 (3) 
Co 1 7.94 (3) 
Fet 8.56 (3) 
Fe1 9.03 (1) 
Fet 9.70 (1), V1 9.54 (6) 
Mg1 0.03 (2) 


| Cr1 0.71 (50) 


Feu 1.44 (3) 


| Nit 1.81 (3) 


Nit 2.46 (3) 
Ti 2.96 (Pr) 


| Tit 3.43 (6), (Vit 3.22 (1)) 


Fe t 3.60 (4) 


| Fe1 4.10 (1) 


| Crt 7.35 (75), 


Fet 5.85 (2) 

Fet 6.78 (12) 

Ce 7.28 
(60) 

Fe 7.63 (1), Sct 7.64 (20) 


| Mnir 8.29 (—), (Fem 8.52 


(Pr)) 
Mn19.11 (8) 


| Mgt 9.59 (5), (Ce 1 9.49 


3 | 


(25)) 
Fe 1 0.34 (1), (Tit 0.52 
(Pr)) 


3 | Fer 1.08 (1), Scr 1.02 (30) 


| 3 
Pal 
1 
1 
1 


Fet 1.53 (3) 


| V1 2.63 (5) 


| Tit 2.79 (20), Lam 3.08 

| (250) 

Se 13.81 (40) 

| (Pet 4.64 (Pr ), (Fe 1 4.13 
(Pr) 


1 | Fer 5.13 (1) 


1 
3 


Crt 5.31 (30) 
Fert 5.81 (3) 





0), Cr 1 3.06 (15) || 


| 4767.36. . 
4768.34. . 
4768.78. . 
4769.96. . 
|| 4770.92. . 
|| 4771.59.. 


| 4772.75. . 
4773.83. . 
4775.90... 
|| 4776.37... 


4776.64. . 
4779.41. 
4780.00. . 
'| 4780.92... 
| 4782.08. . 
4782.91. 
|| 4783.42... 
| 4784.00. . 
4785.15... 
4785.80... 
4786.58. . 


‘Tit 2.13 (3), (Tit 2.32 (Pr)) || 


| 4747.12. .| 
4748.11. 
4749.89. | 
4751.06. .. 
4751.20. .| 
4752.07. .| 
4752.28. .| 
4752.47. .| 
4753.09. . | 
4754.03. .| 
4754.76. . 
4755.74. .| 
4756.12. .| 
| 4756.54. 
4756.98. . 
4757.58. .| 
4758.17... 
4759.29... 
4760.01. . 
4761.51... 


|| 4762.39. . 
| 4762.67. . 
4763.37. . 
4763.90. . 


4764.32... 
4764.53... 
| 4765.45. . 
|| 4765.84. . 
| 4766.44. . 
| 4766.78. . 


4786.80. . 
4787.79. . 
4788.76. . 





ny 
Int. | N Identification 
O | 1) Cem 7.14 (20), Cr1 7.00 (4) 
3 | 3 | (Sem 8.12 (Pr)) 
in | 3 | Fer 9.93 (1) 
? | 2 | V1 0.99 (8), Cri 1.04 (5) 
Se Roary unre Mier hee oe ele Bios, 
O | 1 | Cr12.08 (50), Nir 2.12 (3) 
inn} 2 ha emas W Rese hoe wate ode 
1 | 1 | Nir 2.43 (4) 
Oo 11 Ser 3.15 (15) 
4 | 3 | Mn t 4.04 (50) 
1 | 3) Cr14.74 (20), Nit 4.77 (3) 
ib | 2| Mn 5.73 (0) 
1 | 3 | Cr16.11 (100) 
2 | 3 | Nr 6.52 (10) 
QO | 1) Cri 7.33 (15) 
1 3 | Fer 7.58 (2), Crit 7.59 (18) 
1 3 | Ti1 8.12 (25) 
1 3 | Ti1 9.27 (25) 
0 1 | Fer 0.08 (Pr), Cr1 9.91 (10) 
2 | 3 | Mn1 1.53 (10), (Cru 1.42 
| (1)) 
4b | 3. | Mnt 2.38 (30), C1 2.41 (4) 
2b | 3| Tim 2.77 (1), Ni1 2.63 (3) 
1 ) i reer eee ree ce ee 
4 | 3) Ni13.95 (4), Tit 3.84 
(Pr), Few 3.79 (Pr) 
1 1 Cr1 4.29 (50) 
2 3 | Tim 4.54 (1), Cri 4.64 (20) 
1 3 | Fer 5.48 (1) 
2 | 3| Mnt 5.86 (10) 
3 3 | Mnt 6.43 (20) 
1 2 | Fe1 6.88 (Pr), Cr 16.63 (35), 
V 1 6.64 (10), C1 6.62 (2) 
0 1 | Tir 7.30 (Pr), Cr 17.28 (25) 
3. | 3 | Fer 8.33 (1), Fer 8.40 (3) 
1 1 | (Tim 8.83 (Pr)) 
In | 3 | C1 0.00 (2) 
0 1 | Cr1 0.67 (12) 
3nn| 3 | Cri1 1.57 (10), C1 1.72 (4), 
| Fer 1.70 (1) 
3. | 3 | Fe1 2.82 (3), Fem 2.77 (Pr) 
0 1 | Cer 3.94 (50) . 
1 3 | C1 5.87 (3) 
1 | 2| Fer 6.34 (1), Cor 6.31 (6), 
V 1 6.36 (10) 
1 1 | V16.52 (5) 
O | 1! Fer 9.44 (1), Sc1 9.35 (20) 
6 3.| Tim 9.99 (1) 
0 1 | Fer 0.82 (Pr) 
0 1 | (Tin 2.03 (Pr)) 
0 1 | Fer 2.81 (Pr) 
5 | 3) Mnt 3.42 (50) 
1 Pes oe Eee oe, rk a eh ae 
0 | 1) (Cor 5.07 (1)) 
0 | 1) (Fer 5.96 (1)) 
3b) 3.) Ni16.54(15), Y 116.58 (20), 
V 1 6.52 (20) 
3b | 2) Fer 6.81 (5) 
1 3 | Fe1 7.84 (1), Crt 7.74 (5) 
2 | 3) Fer 8.76 (4) 
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ontinued 









ce 





r Identification 
4789.32..| 1 | 2 | Cr1 9.35 (75) 
4789.65..| 3 | 3| Fe1 9.65 (7) 
4790.25..| O | 1 | Cr1 0.34 (20) 
4790.51..| O | 1 | Fer 0.57 (Pr) 
4791.20..; In) 3 Fer 1.25 (1) 
4792.42..; 2 | 3 | Tim 2.39 (Pr), Cri 2.51 
(75), Ti 1 2.48 (10) 
4793.42..| 0 | 1} (Ni1 3.47 (Pr)) 
4794.35...) O | 1 | Fe1 4.36 (Pr) 
4796.26..| O | 1 | Cr16.17 (40), Tit 6.21 (6) 
4797.37..| 0 | 1 | (Nd 7.16 (20)) 
4798.46... 2 | 3 | Tim 8.54 (2), Fer 8.27 (1), 
| Fet 8.74 (1) 
4799.29..; 1 | 2| Fer 9.41 (1) 
4799.86... 1 | 3) Ti1 9.80 (12) 
4800.66..| 1 3 | Fer 0.65 (2) 
4801.04..; 1 | 2 | Cr1 1.03 (75) 
4801.69... 0 1 | Fer 1.62 (Pr) 
4802.90... 2 | 3 | Fer 2.88 (3) 
4803.69..| O | 1! (Ti 3.63 (Pr)) 
4804.53. QO | 1 Fer 4.53 (1), Fer 4.59 (1), 
| aia hae 
1) 
4805.09..; 6 | 3 | Tim 5.10 (2) 
4805.53..; 0 | 1 | Ti1 5.42 (12) 
4806.22..| 1 1 | Cri 6.26 (25) 
4806.98... 1 | 3| Nix 7.00 (4) 
4807.68..| 1 3 | Fer 7.72 (2), V1 7.54 (25) 
4808.69..| 1 | 3 | Ni1 8.86 (2) 
4809.17..| O | 1 | Fer9.15 (1), Fer 9.26 (1) 
4810.54..; 3 | 3 | Zn10.53 (65) 
4812.33..| 2 | 3 | Crm 2.35 (25) 
4812.93..; O | 1] Fer 3.12 (1) 
4813.53..) 1 | 1 | Co13.48 (20), (V 13.95 
| 50)) 
4815.90. . | | 1 | Smur 5.81 (400), (Vir 5.92 
| (1)) 
4817.83..) 1 3 | Nir 7.85 (2), Fe1 7.77 (1) 
4820.28..| 1 1 | (Nd 11 0.34 (30)) 
4820.46...) 1 1 | Tir 0.41 (20) 
4821.27..| O | 1 | N#1 1.14 (2), (Tim 1.01 
(Pr)) 
4822.70..| O | 1} Fer 2.68 (Pr) 
4823.49..; 6 | 3 | Mn1 3.52 (50) 
4824.14..| 5 | 3| Crit 4.13 (75), Fer 4.16 (1) 
4824.97..| O | 1 | Cri 4.97 (Pr) 
4825.42..| 0 | 3 | Tir 5.44 (3), Nd 5.48 
(150) 
4827.62..| O | 2 | Ti1 7.60 (2) 
4829.03.., 3 | 3 | Nir 9.03 (15) 
4829.38..| 1 | 3.| Cr1 9.38 (100) 
4831.15..| 2 | 3 | Nz1r1.18 (10), Fer 1.11 
(Pr) 
4832.73..| 1 | 3 | Fe12.73 (2), Nir 2.70 (2) 
4833.31..| O | 1 | Fem 3.21 (Pr) 
4834.66..| O | 1 | Fer 4.51 (1) 
4835.86..| 1 2 | Fer 5.86 (3) 
4836.23..| 2 | 3.| Crit 6.22 (25), Tit 6.12 (6) 
4836.94..| 0 | 1 | Cr1 6.86 (40) 
QO | 2 | Fer 7.67 (Pr) 


4837.58. .| 
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4838.57. .| 
4839.55... 
| 4840.29... 
| 4840.89. . 
| 4841.60. . 
| 4841.76. . 
| 4842.78... 
4843.17... 
4844.05... 
4845.65. . 
4847.27... 
4848.25. . 
4849.10. . 
4852.54. . 
4852.70. . 
4853.86. . 
4854.87... 
4855.48. . 
4855.83... 
4856.10. . 
4856.18. . 
4857.39. . 
4858.99. . 


4859.74. . 
4860.40. . 
4861.34. . 
4862.61. . 
4863.65. . 
4863.77. . 
4864.32. . 
4865.13. . 
4865.61. . 
4866.26. . 
4867.81... 


4868.42. . 


4868.76. . 
4869.40. . 
4870.07. . 


| 4870.83... 


4871.31.. 
4872.12... 
4872.80. . 
4873.42. . 
4873.99. . 


4874.81... 
4874.97. . 
4875.85. . 

4876.44. . 


4877.25. . 
4878.18. . 
4879.08. . 
4879.29. . 
4880.39. . 
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| Fer 8.52 (2), Ni 8.65 (2) 
Fer 9.55 (3) 
Co1 0.25 (25), Fe1 0.33 (1) 
Tir 0.87 (25) 
Fet 1.68 (Pr) 
Fet 1.80 (1), Crt 1.73 (12) 
| Fer 2.79 (1) 
Fet 3.16 (3), Nit 3.16 (2) 
Fet 4.00 (2) 
Fet 5.66 (2) 
Cat 7.30 (2) 
| Crt 8.24 (60) 
Ti 9.18 (Pr), Fe 1 8.88 (1) 
Nit 2.56 (2) 
(Y 1 2.69 (50)) 
(Nit 3.74 (1)) 
Y mt 4.87 (150). Fer 4.89 (1) 
Nit5.41 (15), Fe 1 5.54 (Pr) 
Fet 5.68 (3) 
Ti 11 5.95 (Pr), Ti 1 6.01 (20) 
Crit 6.19 (20) 
Cri 7.34 (18), Nit 7.38 (2) 
Fet 9.14 (1), Nd 1 9.03 
(100) 
Fe1 9.75 (15) 
Cr 11 0.20 (20) 
Hp 1.33 
Fer 2.55 (Pr) 
Fet 3.65 (2) 
(Fert 3.78 (Pr)) 
Cr 4.32 (50), Nit 4.28 (2) 
Ti 5.62 (tr) 
Nit 6.27 (10) 
Cot 7.87 (25), Fe 1 7.73 
Pr) 
Fet 8.38 (Pr), Tit 8.26 
| (18) 
Feu 8.82 (Pr) 
Fet 9.47 (Pr) 
Tit 0.13 (20), Fe 1 0.05 
Pr) 


Crt 0.80 (100), Vit 0.84 
2 





Fet 1.32 (25) 

Fer 2.14 (20) 

(Fer 2.70 (Pr)) 

Nit 3.44 (4) 

Ti 11 4.02 (tr), Fe 1 4.36 (Pr), 
Fet 3.75 (Pr) 

Nit 4.81 (2), Cri 4.65 (20) 

Fe 5.90 (1), Fer 5.74 (Pr) 

Cru 6.41 (50), Cr 1 6.48 
(Pr) 

(Fe 7.59 (Pr)) 

Fe1 8.22 (12), Ca 1 8.13 (50) 

(Pr 1 9.12 (30)) 


(Cr 1 0.06 (25)) 




















(1) 
(Pr) 


(20) 








SPECTRUM OF PROCYON 


TABLE 1—Continued 
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4881.67. . 
4882.18. . 
4882.90. . 
4883.69. . 
4884.60. . 
4885.08. . 
4885.45. . 
4885.82. . 
4886.32. . 
4887.09. . 


4887.69. . 
4887.90. . 
4888.03. . 
4889.05. . | 
4889.88. . 
4890.20. . 
4890.77... 
4891.50. . 
4892.11... 
4892.86. . 
4893.80. . 
4896.47. . 
4900.06. . 


4900.82. . 
4903.31. . 
4904.42. . 
4905.11... 
4906.86. . 
4907.78. . 
4908.18. . 
4908.78. . 
4909.40. . 
4910.05. . 
4910.30. . 
4910.56. . 
4911.21... 
4911.90. . 
4912.56. . 
4913.16. . 
4913.62. . 
4913.93... 
4915.38. . 
4916.57. . 
4917.23... 
4918.02. . 
4918.40. . 
4918.99... 
4919.69... 
4919.86... 
4920.52. . 
4920.89. . 


4921.80. . 


4922.26. . 
4923.28. . 
4923.94. . 
4924.80. . 





\ 























Int. | N Identification | 
1 | 3] Fer 1.73 (2) | 
1 | 3 | Fer 2.15 (2) 

a ae 2) COE i 0 aN Pages fo. 
3 | 3} Yi 3.69 (200) 

1 | 3| Cri 4.57 (10) 

1 3 | Tit 5.08 (20), Cr 1 4.95 (25) 
2 | 3] Fer 5.44 (2) 

O | 1 | Cri 5.78 (75), Cr1 5.96 (50) 

3. | 3| Fer 6.34 (1) 
3n | 3 | Cri 7.01 (150), Fer 7.19 

(—), Ni1 6.99 (3) 
QO | 11] Cri 7.73 (25) 
1 Bite >. cote Re hea oe cats 
3 | 3 | Fer 8.65 (1), Cr1 8.53 (40) 

3 | 3) Fer19.11 (2), Fer 9.01 (1) | 
QO | 1 | Cr1 9.73 (20) 

TE Go RORRU A pybip mee 0 

6 | 3} Fe1 0.76 (25) 

6 | 3| Fer 1.50 (50) | 

1 1 | Cri 1.97 (18) | 

1 3 | Fer 2.87 (1) 

In | 3 | Fe 3.78 (0), Fe1 3.71 (Pr) | 

1 2 | Fer 6.44 (1) 

5 | 3] ¥m0.13 (150), 771 9.91 
(20) 

0 | 3 | Crr0.82 (Pr), Ti1 0.62 (7) | 

4 | 3} Fer 3.32 (12), Cri 3.24 (70) 

3. | 3| Ni1 4.41 (10) 

1 3 | Fer 5.15 (1) 

in | 2 | Fer 6.78 (Pr) 

in | 3| Fer 7.74 (1) 

In | 2} (Fe1r 8.21 (0)) 

1 2 | Fer 8.61 (Pr) 

2 | 3] Fer 9.39 (1) 

3b | 3} Fer 0.03 (2) 

3b | 3} Fer 0.33 (1) 

3b |} 1 | Fer 0.57 (1) 

3 | 3} Tim 1.20 (0) 

In | 3 | Fer 1.79 (1), Nit 2.03 (2) 

O | 2) Crit 2.49 (12) 

O | 2) Fei 3.37 (1) 

1 1 | Tit 3.62 (20) 

In | 3 | Nir 3.97 (3) 

O | 1] Ti1 5.24 (5) 

O | 1 | Fer 6.68 (Pr) 

2 | 3} Fer 7.24 (1) 

1 | 3| Fer 8.02 (1) 

1 | 3 | Nir 8.36 (4) 

6 | 3} Fer 9.00 (30) 

1 2 | Fer 9.75 (Pr) 

QO | 1} Tir 9.87 (10) 

7 | 3 | Fe10.51 (60) 

In | 2 | Cr1 0.94 (50), Za 1 0.98 
(300) 

1 | 3} Lam 1.80 (300), 7i1 1.77 
(12) 

2 | 3} Cri 2.27 (300) 

On RD beds desks balbes he Cees 
8 | 3 | Fem 3.92 (12) 

3 


Fet 4.78 (3) 


| 


4925.57... 
4926.67. . 
4927.39... 
4927.87... 
4930.29. . 
4931.32.. 
4932.05. . 
4933.29. . 
4934.07. . 
4934.85. . 
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4935.81, . 
4936.38. . 
4937.31. . 
| 4938.19. . 
‘| 4938.81. . 
| 4939.27. . 
| 4939.71. . 
4940.45. . 
4941.62. . 
4941.90. . 
4942.52. . 
4944.28. . 
4945.51. . 
4946.40. . 
4947.54. . 
4948.34. . 
4948.59. . 
4950.10. .| 
4952.36. .| 
4952.67. . 
4953.25. .| 
4953.96. . 
4954.72. 
4955.89. . 
4957.34. .| 
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4957.56. . 
4959.09. . 
4961.82. . 
4962.62. . 
4964.97. . 
4965.23. . 
4966.10. . 
4966.94. . 
4967.53. . 
4967.91. . 
4968.67. . 
4969.94. . 
4970.57. . 
4971.37... 
4972.18. . 
4973.10. . 
4974.30. . 
4975.21. . 
4975.35... 
4976.17... 
4977.59. . 
| 4978.06. . 


—_ 
— 
- 














RFR NRF NROORORRE 


OR Re Wo 
=] 
ND FD DW DW WW ew ww 


= 
— 























Nit 5.58 (2) 
Fe 6.85 (Pr) 
Fet 7.45 (1) 


C1 2.00 (5), V 1 2.03 (4) 

Fet 3.35 (2), Fer 3.19 (Pr) 

Ba 1 4.09 (700), Fe 1 4.02 (2) 

La tt 4.83 (100), Cr1 4.89 
(15) 

Nit 5.83 (4) 

Cr1 6.33 (150) 

Nit 7.34 (4) 

Fet 8.18 (2) 

Fet 8.82 (10) 

Fet 9.24 (2) 

Fe 9.69 (4) 


| Nir 1.92 (2) 


Crt 2.50 (200), Fe1 2.60 (Pr) 

Fet 5.63 (1), Nit 5.46 (2) 

Fei 6.39 (4) 

V ut 7.58 (40) 

Fe 11 8.85 (1), Ti 1 8.49 (8) 

Fe1 0.11 (2) 

(Nit 2.33 (1)) 

Fet 2.65 (1), Cru 2.78 (10) 

Nit 3.20 (3) 

Fe 11 3.98 (0) 

Cri 4.81 (80) 

Fe 7.30 (20), (Dy 1 7.36 
(1500) ) 

Fe 1 7.60 (60) 

Nd u 9.13 (60) 

Fe1.1.91 (1) 

Fet 2.56 (1) 

Cri 4.93 (100) ; 

V ou 5.40 (40), Ni1 5.14 (1) 

Fet 6.10 (8) 

Crt 6.80 (25) 

Nit 7.55 (1) 

Fe1 7.90 (3) 

Fet 8.70 (1) 

Fe1 9.93 (3) 

Fez 0.49 (2), Fe1 0.65 (Pr) 

Nit 1.35 (2) 

(Fe t 2.40 (1)) 

Fer 3.11 (3) 


Tit 5.34 (10), Fet 5.42 (1) 
Nix 6.16 (1), Nit 6.34 (2) 
Fe1 7.65 (1) 

Ti 8.19 (10), Fe 1 8.12 (Pr) 
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4978.61... 
4979.44. . 
4980.20. . | 
4981.17. . | 
4981.75. .| 
4982.15. .| 
4982.51. .| 
4982.78. . 
4983.27. .| 
4983.94. . 
4984.11... 
4984.69. . 
4985.24. . 
4985.44. . 


4986.21. . | 
4986.91. . 


4988.04. . 
4988.96. . | 
4990.38. . | 
4991.17. .| 


4991.88. . | 
4992.78. .| 
4993.13. . | 
4993.37. . | 
4993.64. . | 
4994.15. . | 
4994.98... | 
4995.45. .| 
4995.72. . 
4996.22. . 
4996.86. . 


4997.73. .| 
4998.19. . 
4999.52. .| 


5000.33. . 
5000.88. . | 


5001.48. . | 
5001.89. . | 
5002.79. . | 
5003.99. . 
5004.27. . 
5005.15. .| 
5005.72... 
5006.13. . | 
5007.27. .| 
5010.17... 

5010.95. .| 
5012.10. . 


5012.48. . 
5012.73... 
5013.28. . 
5013.71... 
5014.27... 
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Identification 


Fer 8.61 (2), Nat 8.54 (5) | 


Fe 9.59 (1) 


Ni1 0.16 (12) 
| Tim 1.38 (Pr) 
| Tit 1.73 (60) 
| Ya 2.13 (15) 
| Fer 2.51 (8) 


Nat 2.81 (6) 
Fe1 3.26 (5) 
Fe 3.86 (6) 
Nit 4.13 (10) 


Fet 5.26 (7) 
Fe1 5.55 (7), (Cr 5.46 


| Fer 6.22 (1) 
| Fe1 6.92 (Pr), (La 11 6.82 


(100)) 
(Co 1 8.04 (2)) 
Fe 8.96 (6) 


| Tit 1.07 (50), Fer 1.28 (3), | 


Fe 1.11 (Pr) 


| Fer 1.86 (Pr) 
| (Fer 2.79 (Pr)) 


Fe 3.36 (1) 


| Fet 3.69 (1) 
| Fer 4.13 (8) 


(Tit 5.06 (0)) 
Fer 5.41 (Pr) 
Ti 5.89 (Pr) 


Nit 6.85 (2), (La 1 6.82 
(50)) 


Nit 8.23 (2) 

Tit 9.50 (45), Lait 9.46 
(200) 

Nit 0.34 (4) 


Zr 110.91 (3), Ti 10.99 (10), 


Fe 0.73 (Pr) 
Cat 1.49 (1) 
Fet 1.87 (12) 


| Fe1 2.80 (6) 


Fe 4.03 (1), Nir 3.75 (2) 
Fe 11 4.26 (3), Cr1 4.38 (35) 
Ti 5.18 (Pr) 

Fe1 5.72 (10) 

Fe1 6.13 (20) 


Fet 7.29 (3), Tit 7.21 (40) | 


Ti 0.20 (try; Nit 0.04 (2) | 
Nit 0.96 (3) 

Fet 2.07 (12), Fe1 2.16 

Pr) 

Nit 2.46 (2) 

Fe 2.70 (Pr) 

Cr 13.32 (100), Ti 13. 28 (18) | 
Ti 3.71 (tr) 

Tir 4.28 (25), Ti 4.18 (25) | 


J. W. SWENSSON 


5014.96. . 
$015.72. . 
5016.13. . 
5016.40. . 
5016.90. . | 
5017.59. . | 
5018.44. . 
5019.42. . 
5019.98. . | 


5020.88. .| 
5021.63... 


|| 5022.24. .! 
5022.89. . | 
5023.37. . 
5024.80. . 
5025.55. . | 
5026.30. . 
5027.17. .| 
5027.76. . 
5028.15. .| 
| 5029.63. .| 
5029.77. .| 
5031.03. . 


5031.88. . 
5032.70. .| 
5034.68. . | 
5035.36. .| 
5035.97. .| 
5036.44. . | 
5036.97. .| 
5037.87. .| 
5038.47... 
5039.22. . 
| 5040.01. .| 
| 5041.00. . 
5041.70. .| 


5042.19. . 
5043.62. .| 
5044.21. .| 
5048.05. . | 
5048.46. . | 
5048.82. . | 
5049.82. . | 
| 5050.58. . 
5050.93. . 
5051.64. . 
5052.18. . 
5053.00. . 
5053.52. . 
5053.93. . 
5054.72. . 
5056.03. . 
5057.98. . 
5060.09. . 
| 5061.72. . 
5064.68. . 
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Identification 





| Fer 4.95 (10) 
| (Fem 5.77 (0)) 
| Tit 6.16 (20) 
| Fet 6.48 (Pr) 
Ni1 7.59 (10) 
Fe 11 8.43 (12) 
Fe 11 9.48 (0) 
Ti1 0.03 (25), Ca 11 9.98 
(2), V 11 9.86 (100) 
Fe1 0.82 (1) 
| Fer 1.60 (Pr) 
(Pr)) 
Fe1 2. 4 (6) 
Tit 2.87 (25), Fe 1 2.87 (1) 
Fe1 3.48 (—), Fe1 3.23 (-) 
Ti1 4.84 (20) 
| Tit 5.57 (18) 
Fer 7.14 (5), Fer 7.21 (1) 
Fei 7.78 (—) 
Fer 8.13 (4) 
Fe1 9.62 (1) 
(Mn1 9.81 (1)) 
| Sc 1 1.02 (40), Fe 1 0.78 (5), 
Fet 1.03 (2) 
Fer 1.90 (8) 
| Fert 2.79 (1), Ni1 2.75 (1) 
(Fer 5.02 (3)) 
Nit 5.37 (12) 
Tit 5.91 (25), Ni1 5.96 (3) 
Ti1 6.47 (25), Fe1 6.29 (6) 
Fer 6.93 (2), Fe 11 6.92 (2) 
| Tim 7.81 (Pr) 
4) 
) 


, (Fer 1.69 


| Tir 8.40 (25), Nir 8.60 ( 
| Fer 9.26 (2), Ni 9.26 (2 
Tit 9.96 (22) 
Fe1 1.07 (7), Fe 1 0.90 (2) 
Fet 1.76 (10), Cat 1.62 
| (40) 
| Nzx 2.20 (4) 
Tit 3.58 (7) 
| Fer 4.22 (2) 
| Nit 8.08 (1) 
| Fet 8.46 (2) 
Nit 8.85 (4), Cri 8.75 (25) 
Fet 9.82 (15) 


Fe 1.64 (10) 

C1 2.12 (6) 

Fe 2.99 (Pr), Tit 2.88 (8) 
(Ti 4.07 (3)) 

Fe1 4.65 (1) 

Si 6.02 (10), Fe1 6.02 (1) 

Fe1 8.00 (1), Nix 8.03 (2) 

Fe1 0.08 (1) 

Fett 1.79 (1) 

Tit 4.65 (25) 





















25) 








5065.08. . 
5065.83. . 
5066.24. . 


5067.19. . 
5067.79. . 


5068.80. . 
5069.90. . 
5070.96. . 
5071.25. . 
5072.16. . 
5072.71... 
5073.60. . 
5073.83. . 
5074.77. . 
5075.44. . 


5076.30. . 
5077.32. . 
5079.13. . 
5079.78. . 
5080.54. . 
5081.15. . 
5081.62. . 
5081.76. . 


5082.36. . 
5083.37. . 
5084.12. . 
5085.51. . 
5086.42. . 
5087.45. . 
5088.21. . 
5088.43. . 
5089.02. . 
5090.81. . 
5091.69. . 
5092.77... 


5093.63. . 
5094.42. . 
5097.00. . 
5097.43. . 
5098.69. . 
5099.27. . 


5099.98. . 
5100.70. . 


5101.32... 
5102.97. . 
5104.11. . 
5104.24. . 
5104.42... 
5105.53. . 
5106.46. . 
5107.58. . 
5108.47. . 
5108.93. . 
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Fe1 5.02 (6), Fer 5.21 (2), 
Fet 4.98 (Pr) 
Crt 5.91 (50), Ti1 5.98 (7) 
(Fei 6.28 (Pr)) 
Fet 7.16 (1) 
“ 7.71 (75), (Nir 7.82 
1 


)) 

Fet 8.77 (10) 

(Sc 1 0.25 (40)) 

Fe 11 0.96 (2) 

(Tit 1.48 (7)) 

Tiu 2.30 (2), Fer 2.08 (1) 

Fe1 2.69 (1), Cr 1 2.92 (60) 

(Fe tr 3.56 (tr)) 

Fe 11 4.06 (1) 

Fet 4.76 (10) 

Fet 5.17 (Pr), Cet 5.30 
(20) 

Fe1 6.29 (2), Nit 6.32 (2) 

(Tin 7.33 (Pr)) 

Fet 9.23 (6), Fer 8.98 (1) 

Fe 9.74 (4), Ce 1 9.68 (75) 

Ni1 0.52 (30) 

Nit 1.11 (25) 

Se 11.55 (125) 

Fer 1.84 (Pr), Fem 1.92 
(tr) 

Nit 2.35 (4) 

Fet 3.34 (7) 

Nit 4.08 (15) 

Sct 5.55 (40), Ni1 5.48 (2) 

(Fe 11 6.36 (tr)) 

Y um 7.42 (100) 

Fe 8.16 (1) 

Nit 8.53 (2) 

Nit 8.96 (2), Fe 1 9.28 (0) 

Fer 0.79 (6) 

Fet 1.73 (Pr) 

(Tim 2.82 (Pr)), Nd 1 2.80 
(30)) 


Nit 4.42 (2) 

Fe1 7.00 (6) 

Feit 7.38 (1), Crm 7.29 (7) 

Fei 8.70 (8), Fer 8.59 (3) 

Nit 9.32 (5), Fer 9.09 (1), 
(Sc 1 9.23 (40)) 

Ni1 9.95 (10) 

Fe 11 0.84 (4), Fe 11 0.70 (2), 
Fe 11 0.66 (Pr) 

Fe ut 1.48 (2) 

Nit 2.97 (4) 

Fer 4.04 (—) 

Fer 4.21 (1) 

Fer 4.44 (1) 

Cut 5.54 (300) 


Cor 8.90 (10), Cr 1 8.93 
(12) 





Fe 11 3.65 (1), Fe 1 3.47 (1) |) 





| 5109.68. . | 
5110.43. . 





5137.00... 
5137.32... 
5138.43. .| 
5139.38. . 


5111.02. . | 
5112.28... 
5112.45. . | 
5113.28. . 
5114.52.. 


5115.43.. 
5116.02. . 


5116.76. . 
5119.13. . | 


5120.41. . | 
5121.63. . | 


5122.13. . 
5122.66. . 


5123.10. .| 


5123.75... 
5124.65. . 
5125.16. . 
5126.20. . 


5126.65. . | 
5127.37. .| 
5127.84. .| 


5128.44. . 
5129.22. . 


5129.44. . | 
5129.63. .| 
5130.44. . | 


5131.50. . 
| 5132.65. . 
| 5133.68. . 


5134.62. .| 
| 5136.08. . | 


| 5140.81. .| 
| 5141.75. .| 


5142.58... 
| 5142.83... 

5143.73. 
5145.05... 
5145.32. . 
5145.91... 
5146.13... 
5146.44... 
5148.15... 
5149.48. . 
5150.29. . 
5150.86. . 


5151.91. .| 
| 5152.34. .| 
| 5152.54... 





| 
| 
| 
| 








Int. | N Identification 
3 | 3 | Fer 9.65 (2) 
4 | 3) Fer 0.41 (10) 
QO | 1 | Cr10.75 (40) 
In | 1 | Zr 2.28 (7) 
1 | 1} Cri 2.49 (25) 
0 | 1 | Cri 3.13 (45), Cor 3.23 (6) 
0 3 | Lait 4.55 (200), Fer 4.52 
(Pr) 
2 3 | Nit 5.40 (8) 
er rz oa 6.06 (2), (Fe1 5.79 
1)) 
O | 1 | (Fem 7.11 (0)) 
1 | 2) Y1ur9.12 (20) 
1 3 | 771 0.42 (12), Fen 0.34 
| (Pr) 
3 3 | Fer 1.63 (2) 
QO | 1] Cri 2.12 (30) 
in | 1 | Co1 2.77 (8) 
1 | 2/| ¥u3.21 (50), Lam 2.99 
(200) 
3 | 3 | Fe1 3.72 (6) 
QO | 1) Fe1 4.62 (Pr) 
5 | 3 | Fer 5.13 (6), Nir 5.21 (4) 
2 3 | Co1 6.20 (10), Fer 6.22 (1), 
Fe 11 6.19 (Pr) 
0 | 1 | Fer 6.60 (1) 
3 | 3 | Fe1 7.36 (5) 
1 $2 Few 7.87 (1), Fe1 7.69 (Pr) 
0 1 | V18.53 (7) 
4n | 3 | Tim 9.14 (1) 
QO | 1) Nir 9.38 (5) 
QO | 1| Fer 9.66 (1) 
1 2 | Ni1 0.39 (2) 
2 | 3 Fer 1.48 (2) 
1 | 3] Fer 2.67 (Pr) 
4 | 3) Fer 3.69 (20) 
BEE § ehh g ie a 
0 | 1] Fer 6.09 (1) 
1b | 1 | Nix 7.08 (8), Crm 7.09 (7) 
3nn| 3 | Fer 7.39 (6) 
in | 1 |] V1 8.43 (5) 
9 | 3 | Fe1 9.47 (20), Fer 9.26 (10) 
Che 21 sable usteacies cal sarod «wre o oeaeaes 
2 | 3 | Fer 1.75 (2) 
3b | 3} Fer 2.54 (3) 
3b | 3 | Fer 2.93 (6), Nit 2.77 (10) 
In | 2| Fet 3.73 (Pr) 
In | 2 | Fer 5.10 (—), Cri 4.67 (50) 
QO | 1] Tir 5.46 (12) 
1 1 | (Feu 5.87 (0)) 
O | 1 | Fem 6.12 (Pr) 
a 3 | Nir 6.48 (12) 
3 | 3 | Fe1 8.23 (3), Fer 8.06 (3) 
0 1 | Fen 9.54 (3) 
O | 1} Fer 0.20 (Pr) 
3 | 3) Fer 0.84 (6), (Fe 11 0.93 
(Pr)) 
2 | 3) Fer 1.92 (4) 
O | 1} Tir 2.18 (10) 
1 Bld oulo eae eae ae eee 
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5152.95. .| 
5153.36... 


5154.09. .| 
5154.39. . | 
5155.15... 
5155.79. . 
5156.46. . | 
5156.62. . | 
5157.24. .| 
5159.06. . | 
5160.09. . | 
5161.04. .| 
5162.28. . | 
5162.92. . 
5164.46. . | 
5164.65. . | 


5165.42. . 
5166.27. . 
5167.39. . 
5168.75. . 
5169.00. . | 
5169.97. .| 
5170.18. . | 
5170.58. . | 
5170.86. . 
5171.62. .| 


5172.71. .| 
5173.73. .| 


5176.51 


5177.36. . 
5177.73. .| 
5178.85. 

5178.98. . 
5180.02. . | 
5183.62. . | 


5184.34 


5185.91. || 
5187.32. .| 
5187.94. .| 
5188.76. . 
5189.76. . 
5190.46. . 
5191.47. . 
5192.35. . 
5192.93. . 


5193.74. . 
5194.22. . 
5194.96. . 
5195.49. .| 
5196.08. . 
5196.47. .| 
5197.57. || 
5197.93. .| 
5198.71. . 
5199.42. .| 
5200.39. .| 
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| Fe 8.95 (Pr) 
| Fe1 0.06 (—) 
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TABLE 1—Continued 











Crit 3.49 (15), Na1 3.40 
(6), Cu 1 3.24 (100) 

Ti 11 4.06 (0), Co 1 4.07 (8) 

Fe 11 4.40 (Pr) 

Nit 5.14 (4) 

Nit 5.76 (9) 

Co1 6.37 (10) 


(Lat 7,43 (150)) 

Fe1 9.07 (2) 

Fe 11 9.93 (4), Fe1 9.97 (Pr) 
Fe 110.82 (1), Fe 11 1.18 (Pr) | 
Fe1 2.29 (10) 

(Nit 2.93 (Pr)) 


Fe 4.56 (1), Fe 1 4.69 (Pr), 
Fe 11 4.69 (Pr) | 
Fet 5.42 (4) 
Fe 6.29 (4), Cri 6.23 (150) 
Mg 17.32 (40), Fe 17.49 (40) | 
Fe1 8.90 (4), Nit 8.66 (6) 
Feu 9.03 (12) 
Feu 9.73 (1), 


Fe 0.08 Pe) 


Fet 1.60 (20), Fem 1.62 
(Pr) 
Mg 2.68 (80) 
Tit 3.74 (30) 
Nit 6.56 (5) 
Cri 7.43 (75), 
Cr 1 7.83 (10) 
Fe 8.80 (1), Fe 8.71 (Pr) 


Fet 7.23 (— 


Mg 1 3.60 (125) 

Fe 1 4.29 (3), Cr 14.59 (100), | 
Nit 4.58 (4) 

Ti 5.90 (2) 

Cet 7.45 (60) 

Fet 7.92 (2) 

Cat 8.85 (50), Ti 11 8.70 (6) 

(Tit 9.61 (Pr)) 


Fet 1.46 (20) 

Fet 2.35 (30) 

Tit 2.97 (35), Dy 11 2.87 
(800) 

(Cr 3.49 (35)) 

Tit 4.04 (4) 

Fe 4.94 (10) 

Fet 5.47 (8) 

Fet 6.10 (2) 

Cri 6.44, 6.57 (100) 

Feu 7.57 (6) 

Fet 7.94 (Pr) 

Fer 8.71 (4) 








Y 11 0.42 (60) 


r 


5201.01. .| 


| 5202.30. .| 
| 5203.52. .| 

5204.56. .| 
| 5205.75... 


5206.04. . | 


| 5207.22. .| 
| 5208.49. . 
5209.84. . 


5210.40. . | 


|| 5211.55. | 
) || 5212.78. .| 


5215.19. | 
5216.31. | 
5217.41. | 
5218.16. . 


5218.86. .| 
5220.26. . 
5220.98. . | 
5222.62. .| 
5223.38. . | 
5224.38. . | 
5224.95. .| 
5225.56. . 
5226.66. . 
{| 5227.10. . | 

5227.98. . 


| 5228.39. . 
5229.86... 


5231.03. . | 
5232.40. . | 


5232.96. . 
5234.09. . 
5234.65. . 
5235.43. . 
5236.08. . 
5236.45. . 
5237.35... 
5239.00. . 
5239.82. . 
5241.02. . 
5241.95. . 
5242.50. . 
5243.36. . 
5243.77. . 
5245.47. . 
5245.81. .| 
5245.97. . 
5246.87... 
5247.57. . 
5249.08. . 
5249.44. . 
5249.63. . 
5250.15. . 
5250.67. . 
5252.02. . 
5252.76. . 
5253.45. . 
5254.96. . 
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Tit 1.10 (4) 
Fe 2.34 (8), Fe1 2.27 (1) 


Crit 4.52 (200), Fer 4.58 (2) 
Y 11 5.73 (80) 
Cr 1 6.04 (300) 


Cr1 8.44 (500), Fe 1 8.60 (7) 
Fe1 9.90 (Pr) 

Ti 1 0.39 (40) 

Tiu 1.54 (0) 

Co 1 2.70 (25) 

Fer 5.18 (6) 

Fe 1 6.28 (10) 

Fet 7.40 (5) 

Cut 8.20 (80) 


Nir 0.31 (2) 

Cr1 0.91 (40) 

Cri 2.68 (30), Tit 2.68 (6) 

Fe 3.19 (1) 

Tit 4.30 (15) 

Cr1 4.94 (150), Tz 1 4.93 (8) 

Fet 5.53 (1) 

Fe 6.87 (15), Ti 1 6.53 (5) 

Fe1 7.19 (40) 

Crt 8.08 (50), Tim 7.87 
(Pr) 

Fe 8.39 (1) 

Fet 9.86 (5) 

(Ti1 0.97 (0)) 

Cr 1 2.50 (15) 

Fe1 2.95 (40) 

V 1 4.09 (8) 

Fe 11 4.62 (7) 

Fe1 5.39 (2), Nit 5.49 (2) 

Fer 6.20 (1) 

Fet 6.39 (Pr) 

Cru 7.34 (75) 

Cri 8.97 (65) 

Sc 1 9.82 (15) 

V 1 1.19 (100), V 1 0.88 (9) 

Fe 1.93 (1) 

Fe 2.50 (4) 

Crt 3.40 (75) 

Fet 3.79 (1) 


Fert 5.74 (Pr) 

(Fe 1 6.01 (Pr)) 

Crit 6.75 (15), Fe 1 7.06 (1) 
Cr 1 7.56 (150) 

Fe1 9.10 (1) 

Cr 11 9.40 (10) 

Nd 11 9.58 (100) 

Fe1 0.21 (1), Co1 0.00 (7) 
Fe1 0.65 (6) 

Ti 2.04 Ope), Tit 2.10 (8) 


Fe 1 3.48 (2) 
Cr1 4.92 (100), Fe1 4.96 
(1), Fe 4.92 (Pr) 
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5276.00. . 
5277.00. 

5278.04. . 
5278.91. . 


5280.01 


5280.39 
5281.79 
5282.47 


5283.64. 
5284.14. . 
5285.22. . 
5288.56. 
5292.57. 
5292.72... 
5295.35. . 


5296.69. . 
5297.40. 

5298.24. . 
5298.64. . 
5299.36. . 
5299.93. . 
5300.81. . 


5302.32. . 


5303.33. . 
5304.37. . 


5256.90. . 
5257.09. . 
5257.63. . 
5260.36. . 
5260.88. . 
5261.74. . 
5262.23. . 
5263.33. . 
5263.88. . 
5204.20. . 


5264.83. . 
5265.61. . 


5266.57. . 
5267.27... 
5268.52. . 
5269.56. . 
5270.33. . 


5271.16. . 
5272.34. 


5273.28. .| 
5274.18. . | 
5275.08. . 
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Identification 


1] 
} 








Crit 5.13 (125), Mn1 5.32 
(4) 

Fer 5.75 (Pr), Ti1 5.81 (5), 
Fet 5.67 (Pr) 

Fe u 6.89 (1) 

Cri 7.07 (10) 

Co 17.62 (10), Fe 1 7.65 (Pr) 

Ca 10.38 (2) 

Mn 1 0.77 (3) 


Cat 2.24 (25) 

Fet 3.31 (8) 

Fet 3.87 (1) 

Cat 4.24 (20), Crit 4.15 
(200) 

Fe 11 4.80 (2) 

Cat 5.56 (40), Cri 5.72 
(100) 

Fet 6.56 (30) 

Fe 7.28 (Pr), Cru 7.10 (4) 


Co1 8.50 (10), Tz 1 8.62 (1) |) 


Fe 9.54 (60) 
Fert 0.36 (30), Cat 0.27 
(60) 


Feu 2.41 (2), (Cri 2.01 
50 


)) 

Fer 3.18 (5), Fer 3.38 (4) 

Ce 1 4.24 (75) 

Cr 11 4.99 (20), Fe 1 5.02 (1), 
Cri 5.17 (75) 

Fer 5.99 (7), Cr1 6.03 (75) 

(Fe 11 8.26 (0)) 

Fe 11 8.96 (0), (S 4 8.99 (3)) 

Cr 11 9.92 (15), Cr 11 0.08 
(10) 

Fer 0.36 (1), Cr1 0.29 (30) 

Fe1 1.80 (10) 

(Tit 2.38 (3)) 

Fet 3.63 (18) 

Fe 11 4.09 (3) 

Fet 5.13 (Pr), Cr 5.38 (7) 

Fet 8.54 (2) 

Cr 2.86 (10) 

Fet 5.32 (1), Mn 5.29 
(15), (Sc 11 5.30 (Pr)) 

Cr 1 6.69 (100) 

Cr 1 7.36 (60) 

Cr 1 8.27 (100) 

Fet 8.78 (1) 

Mn 11 9.28 (25) 


Cri 0.75 (75), (Cot 1.04 
(15)) 


Fe 2.31 (10), Mn 11 2.32 
(30) 

Fe 11 3.42 (0), V 1 3.26 (40) 

Cr 14.21 (40), (Fe 114.26 

(Pr)) 


nN 


|| 5307.34. . 


| 





i} 
} 


Cat 1.71 (20), Crt 1.75 (50)|| 


5308.39. . 


5309.37... 
5310.69. . 
5311.67... 
5313.61. . 


5315.03. . 
5316.69. 


| 5318.30. . 


5320.04. . 
5321.09. . 


| 5322.07. 


| 5322.65. . 


| 5334.83. . 


5324.16. . 
5325.54. . 
| 5326.10. . 
5327.01. . 


5328.10. . 


5328.45 


5329.16. . 
5329.97... 
5330.84. . 
5332.83. . 


5333.68. 
5336.80. 


| 5337.78. 


| 5338.48. . 


5339.23. . 


| $339.93... 


5341.05. - 


| 5342.26 
| 5342.66. 
| 5343.44. 


| 5344.47... 


| 5344.77... 


5345.83. . 
5346.57. 
5348.34 


| 5349.52. 
| 5350.62 


| 5352.18. . 
| $353.42. .| 


| §354.79. . 


5361.58. 


5362.85. . 
5364.41. . 


| 5364.89. . 





| 5365.41... 


| 5305.90. .| 














i) m DWN We DW Ww 


— Qe do 


RW DD DH WH WD BH WH WH WD Www RoR Ww 


_ 


Identification 








Cru 5.85 (25) 

Fe 7.36 (2) 

Cr 11 8.44 (20), Fe 1 8.69 
(Pr) 

Cr1 9.47 (8) 

Cr 11 0.70 (12) 

Zr it 1.78 (2) 

Cru 3.59 (25), Fe1 3.84 
(—), Tim 3.76 (Pr) 

Fet 5.08 (1) 

Fe 6.61 (8), Fe 1 6.78 (4) 
Seu 8.34 (3), Fem 8.03 (1), 
Feu 8.27 (0), Cru 8.41 

(4) 


Fe1 0.05 (1) 

Fer 1.11 (1) 

Fet 2.05 (2) 

Crit 2.78 (Pr), (Prt 2.78 
(60)) 

Fe 4.18 (30) 

Few 5.56 (2) 

Fe 6.15 (1) 

Fe 7.27 (Pr), (Fe 1 6.79 
(—)) 

Fe 8.04 (50) 

Fer 8.53 (15), Crt 8.34 
(200) 

Cr1 9.12 (65) 

Fe1 9.99 (2) 

Fet 2.90 (4), Fer 2.68 (1) 

Cot 3.65 (5) 

Cr 11 4.88 (40) 

Ti 6.81 (4) 

Cru 7.79 (12), Fe 11 7.71 (0) 

(Tit 8.33 (1)) 

Cau 9.29 (—) 

Fer 9.94 (12) 

Fet 1.03 (20), Mnt 1.06 
(20) 

Co1 2.70 (50) 

Co 1 3.38 (20) 

(Cr 1 4.76 (20)) 

Cri 5.81 (500) 

Fe 6.56 (1), Cr 1 6.54 (5) 

Cri 8.32 (350) 

Cat 9.47 (25), Fer 9.74 (3) 

Zr 11 0.36 (5), (711 0.46 
(5000) ) 

(Co 1 2.05 (20)) 

Fe 3.39 (2), Nit 3.42 (3), 
Cot 3.50 (25) 


| (Cr 1 4.66 (Pr)) 





Fet 1.64 (1), Nd 1.47 
(60) 

Fe ut 2.86 (5) 

Mnt 4.48 (2) 

Fe 4.87 (15) 


| Fer 5.40 (3) 
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J. W. SWENSSON 
TABLE 1—Continued 
| |_| wink as ie ee a a 
d Int. | N Identification | » Int. | N | Identification 

5367.47..) 3 | 3| Fer 7.47 (20) 5432.94..| 1 | 3 | Fer 2.95 (2), Fe 1 2.98 (Pr) 
5368.40..| 0 | 1 | Cr18.55 (35) | 5433.67..| 0 | 1 | (Sc11 3.73 (Pr)) 
5369.22..| 0 | 1| Crim 9.25 (Pr) 5434.55..| 3 | 3 | Fer 4.53 (30) 
5369.54..| 0 | 1 | Cor 9.59 (20) 5435.14..} 1 | 1 | (Fer 5.18 (Pr)) 
5369.96..| 4 | 3) Fer 9.96 (25) 5435.80..) 1b | 2 | Nix 5.87 (5), Fe 1 5.79 (Pr) 
5371.50...) 5 | 3) Fer 1.49 (50), Cri 1.48 (50) || 5436.32..| On | 2 | Fer 6.30 (1) 
5373.68..; 1 | 3) Fer 3.70 (1), Cr1 3.72 (30) || 5436.68..| 1b | 1 | Fer 6.59 (2) 
5375.70..) 0 | 1| (Sc 15.35 (20)) | 5438.18..| 1 | 1 | Fer 8.06 (Pr) 
5377.66..| 1 | 2| Mn1 7.63 (6) fg ek 5 See eer 
5379.58..| 1 | 3 | Fer 9.58 (2) | 5441.28..] In | 2 | Fer 1.32 (1) 
5380.30..| 1 | 3 | C1 0.24 (8) | 5442.51..| In | 1 | Cr1 2.41 (35) 
5381.03..| 2 | 3 | Tim 1.02 (1) | 5443.58..| 0 | 2 | (Fer 3.42 (Pr)) 
5382.07..| On| 1 | Law 1.91 (100) | 5445.05..| 3 | 3 | Fer 5.04 (15) 
5382.62..| O | 1| Fe12.75(—), Fem2.52 || 5445.72..} O | 1 | Fei 5.97 (Pr) 

| (Pr) | 5446.61..| 1b | 1 | Ti11 6.46 (Pr), Crt 6.57 
5383.39..| 4 | 3 | Fer 3.37 (35) | (Pr), (Ti1 6.59 (2)) 
5389.50..| 2 | 3| Fer 9.46 (5) | 5446.88..| 5 | 3 | Fer 6.92 (40) 
5390.47..| 1 | 3 | Cr10.39 (40) EES ea eee 
5391.48..| 2 | 3| Fer 1.47 (1) 5453.51..} On | 1 | (Tit 3.65 (3)) 
5392.35..| 1 | 2 | Né1 2.37 (2), Sc1 2.08 (30) || 5455.57..| 9 | 3 | Fe15.61 (40), Fer 5.43 (5) 
5393.16..| 3 | 3| Fer 3.17 (10) | 5456.56..| O | 2 | Fer 6.47 (1) 
5394.62..| 1 | 2) Mn1 4.67 (10), Fe1 4.68 J BERL Rae 

ie, || 5463.16..| 4n | 3 | Fer 3.28 (10), Fer 2.97 (2) 
5395.18..} 0 | 3| Fer 5.25 (1) 5464.25..] In | 2 | Fer 4.29 (1) 
5396.23..| 1 | 2| Tim 6.3 (1) 5465.49..| 0 | 1 | (Ag15.49 (1000)), (Fe 15.04 
5397.15..| 4 | 3 Fer 7.13 (40) | (1)) 
5398.31..} 2 | 3 | Fer 8.28 (1) 5466.01..; 0 | 1 | Fe 1 6.02 (2) 
A oo SEN Ss $466.42..| 2 | 3 | Fe16.40 (3), (¥ 16.47 (300)) 
5399.44..) 1 | 2 | Mn19.49 (4) 5467.07..| 0 | 1 | Fer 6.99 (1), Fe 11 6.95 (3) 
5399.72..} 1 | 1 | (Cor 9.76 (10)) 5468.17.) O | 2 | (Nir 8.10 (2)), (Tim 8.44 
5400.53..} 3 | 3) Fer0.51 (5) (Pr)) 
5401.39..| 0 | 3 | (Fer 1.27 (Pr)) | 5469.41..| 0 | 1 | Fer9.28 (Pr), (Co 19.30 (4)) 
5402.10..} O | 1 | Fer 2.11 (2), V11.94(8) || 5470.04..| 0 | 1] Fer 0.17 (1) 
5402.85..;| 1 | 2 | ¥1r2.78 (50) | 5470.62..| O | 1 | Mn1 0.64 (8), (Fe 0.81 
ES Ca) E28 ne og a eee ] (Pr)) 
5404.09..| 4 | 3 | Fer 4.14 (30) | 5472.60..| 1 | 1 | Crit 2.63 (3) 
5405.80..| 4 | 3 | Fer 5.78 (40) || 5472.73..] 1 | 1 | Fer 2.73 (1) 
5406.76..| 1 | 2 | Fer 6.78 (Pr) | 5473.92..| 2 | 3 | Fer 3.91 (3) 
5407.60..| 1 | 3 | Crir7.62 (10), Co1 7.52 (5) || 5476.54..| 3n | 3 | Fer 6.57 (10), Fer 6.30 (2) 
5408.43..| 0 | 1 | (Fe1r 8.84 (1)) 5476.86..| 4b | 2 | Ni1 6.91 (50) 
5409.08..| 1 | 3 | Fer 9.12 (1) | 5477.78..| 1 | 1] Ti1 7.70 (8), Zr 1 7.82 (2), 
5409.82..| 3 | 3) Cr19.79 (500) Fe 11 7.67 (Pr) 
5410.94..| 3 | 3) Fer 0.91 (15) | 5478.41..) 2 | 3 | Crit 8.35 (15), Fer 8.46 (1) 
5412.52..| 0 | 1 | Fer 2.58 (Pr) 5479.77..| 0 | 1] Fer 9.98 (Pr) 
SSE ne 3 a ee eens 507 5480.82..) 1 | 3 | Fe10.87 (2), (¥ 10.75 (15)) 
5414.03..) 1 | 3 | Fer 4.09 (2) 5481.34..| 2 | 3 | Fe11.45 (3), Fer 1.26 (2), 
5415.21..| 3 | 3 | Fer 5.20 (35), V1 5.28 (10) | Ti 1 1.43 (6), Mn1 1.40 (4) 
te a 2 eer | 5481.94..| O | 1 | Scr 1.99 (100), Ti 1 1.86 (5) 
5417.02..| 1 | 3) Fer 7.04 (1) || 5483.18..] 1 | 3 | Fer 3.12 (1), Cor 3.35 (40) 
ig MEER © 2 SABC re enn, ‘| 5487.07..) 1 | 1] Fer 7.14 (1) 
5418.80..| 2 | 3 | Tim 8.80 (0) | $487.76..| 3 | 3 | Fer 7.75 (8) 
$420.29..| 0 | 3 | Mn1 0.36 (10) | 5488.90..| 1 | 3 | Crit 8.97 (Pr) 
5421.07..} 1 | 3 | (Cr110.90 (10)) | 5490.01..] On | 2 | 7%10.15 (12), Fe 1 9.87 (Pr) 
5422.17..| 0 | 1| Fer 2.17 (Pr) 5490.72..| 1 | 3 | Tim 0.65 (Pr), (Sc m 1.00 
5422.71..| 0 | 1 | Tim 2.47 (1) ! (Pr)) 
5424.08..| 4 | 3 | Fe14.07 (45) | 5491.91..) O | 1] Fer 1.84 (2) 
5424.67..) 0 | 1 | Nix 4.65 (4) 5493.00..| 1n | 2 | Tim 2.82 (Pr), (Fer 3.36 
5425.28..] 2 | 3 | Fem 5.27 (2) | (Pr)) 
5427.90..| 0 | 1 | Fem 7.82 (3) || 5494.48..; 0 | 1 | Fer 4.46 (1) 
5429.70..} 6 | 3 | Fer 9.70 (40) | 5497.52..| 4 | 3 | Fer 7.52 (15) 
NS EN SN Be gta tkicah Ks bo es eee | 5500.89..) O | 1 | (Cri 0.61 (Pr)) 

} | 
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| Crit 3.18 (8), (Fe u 3.40 





| Fer 2.28 (1), Fe1 2.41 (Pr) || 


1} 
Identification \| 





}  (1)) 
Mnt 4.21 (2) 





Fe1 1.47 (12) 
Cr 1 2.05 (12) 


Fet 5.89 (—) 
Fe 6.78 (18) 
V 17.75 (8) 
Cr 1 8.60 (8) 
Y 11 9.91 (30), Ni1 0.00 (4) 
Cr 11 0.68 (7) 


Ca 1 2.98 (20) 
Ti 14.35 (20), Ti 1 4.54 (25) |) 
Feu 9.72 (Pr) 
Fet 1.14 (1), Se 10.50 (100) |) 
Fe1 2.46 (2) 
Cor 3.31 (8) 
Fe1 4.27 (1) | 
Co1 4.99 (4) }| 
| 
| 





Fet 5.55 (3) 

Sc 11 6.81 (75) 

(Y 1 7.54 (250)) 

Mgt 8.41 (10) 

Fet 1.95 (1) 

Fet 2.74 (1), (Mot 3.01 
(30)) 

Fe 11 4.86 (4) 

Fei 5.42 (2), (Bat 5.48 
(1000) | 

Fe 6.60 (Pr) {| 

(Ni1 7.11 (1)) {| 

Fe1 8.54 (1) || 

Fe1 9.27 (1) 

Fe 1 3.18 (2) | 

Fet 3.93 (2) 

Feit 5.26 (Pr) | 

Fer 6.49 (1) 

Fe1 9.94 (2) 

Fe 3.59 (1) 

Fe1 4.90 (4) 

Crt 6.19 (10) 

Fe 7.96 (1), Fer 7.92 (Pr) 

Fe1 0.23 (1) 


Fer 2.71 (2) 
Fet 3.60 (3) 
Fet 5.71 (4) 

Fe 7.40 (2) 
Fe 9.62 (20) 
(Mo 1 0.46 (25)) 
Fe 2.85 (30) 
Cri 4.41 (12) | 
Fer 6.10 (10) 
(Fe1 7.04 (Pr)) 

Nit 8.73 (5) 

Cat 1.97 (25) 

Fe 4.77 (1) 

Fet 6.76 (40) 

Fe 7.58 (1), Nit 7.86 (5) 
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5588.77. . 
5590.10. . 
5591.23. .| 
5592.05. . 
5592.26. 
5593.75... 
5594.53... 
| 5595.83... 
| 5596.89... 
| $598.45... 
| $000.16. . 
5601.32... 
5601.94. .| 
| 5602.91. 


5004.75. .| 
5608.62. . 
5614.86. .| 
5615.63. . 
| S617.22. . 
5618.67. . 
5619.65. . 
| 5620.51. .| 


| 5622.34. . 
| 5623.22:. 
|} 5624.00. . | 
| 5624.57... 
|| 5625.46. . 
|| 5627.49. . 
5628.57. . 
5631.78. . 
5633.90. . 
5634.87. . | 
5635.90. . 
5637.35. . 
| 5638.27. .| 
5640.06. . 
5041.07. .| 
5641.51. . 
5642.89... 
5643.14. . 
5644.02. . 
| 5645.61... 
| 5647.20.. 
5647.82... 
| 5649.64. . 
| 5650.61... 
| $652.27. . 
| 5653.88. . 
| 5654.04. . 
| 5654.91... 
1} 5655.37. . 
5656.48. . 
5656.94. . 
5657.91. . 


| 5658.73... 
|| 5659.74. . 

5660.74. . 
| 5660.94. . 

















Int. | N 
4 3 
Pops 
Oia 
in | 1 
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0 | 3 
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Bective 
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tL 
Bid 
0 | 1 
Oo [4 
1 1 
5 3 
1 3 
1 3 
0 2 
1 3 
0 1 
1 1 
1 2 
S a 
1 3 
0 3 
0 3 
1 1 
2 3 
1 1 
1 3 
1 3 
2 3 
On | 2 
In | 3 
Ib | 2 
1 1 
0 1 
1 3 
1 3 
0 1 
0 2 
0 3 
1 2 
On | 2 
In | 2 
1 1 
1 1 
2n | 3 
In} 1 
0 ;2 
Zz 3 
4 3 
On | 2 
in | 2 


tna 1 





Identification 





Ca 1 8.76 (80) 

Ca10.12 (20) 

Fe 1.38 (Pr) 

Nit 2.15 (1) 

Nit 2.28 (8) 

Nit 3.74 (4) 

Cat 4.47 (60), Fe1 4.67 (2) 





| Ca1 8.49 (50), Fe 1 8.30 (4) 
| Fer 0.24 (1), Nir 0.04 (4) 
| Ca1 1.28 (30) 

Fe 1 2.96 (10), Ca 12.85 (25), 

Fet 2.77 (2) 

V 1 4.94 (8) 

(Fe 1 8.98 (Pr)) 

Nix 4.79 (5) 

Fe 5.65 (50) 

Fe 7.22 (1), Fe1 7.15 (Pr) 
Fe1 8.63 (1) 

Fe1 9.60 (1) 

Fe1 0.53 (1), Cr 110.63 (12), 

Nd 11 0.62 (500) 

(Sit 2.23 (3)) 

Fe 1 4.06 (1) 

Fe1 4.55 (10), V1 4.60 (20) 
Nir 5.33 (4) 

Fe 117.49 (Pr), V 17.63 (30) 
Cr 8.64 (50) 

Fet 1.72 (2) 

Fe1 3.97 (2) 


Fe 1 8.27 (3) 

(Fe 1 0.46 (1)) 

Se 110.97 (15), Ni1 1.11 (1) 
Fet 1.45 (2) 

Fet 2.76 (Pr) 

Nit 3.10 (2) 

711 4.14 (18), Fe 1 3.94 (Pr) 
Sit 5.66 (25) : 

Co1 7.23 (12) 

Fe1 9.66 (1), Nit 9.70 (2) 
Fe1 0.72 (1) 

Fet 2.32 (1) 

Fet 3.89 (1) 


Seu 7.87 (25), Few 7.92 
(Pr) 
Fet 8.83 (10), Fer 8.54 (1) 


pee 4} 3 eis sieretheats 
Fei 1.03 (Pr) 
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] | 
y | Identification A | Int. | N Identification 

















Py | Int. | N 
5661.58..| 1 | 2 | Fer 1.36 (1) | 5741.93..| 0 | 3 | Fer 1.86 (2) 
5662.50..| 2b | 3 | Fer 2.52 (6) $743.30..| O | 1 | Fer2.97 (1), (Ca13.28 (3)) 
5662.90..| 1b | 3 | ¥1m2.95 (200), Fe 12.94 (1), || 5747.85..| 1 | 3 | Fer 7.96 (1), Fer 7.87 (Pr), 
Ti 1 2.89 (4) | | (Fe 11 7.88 (Pr)) 
5664.06..| 1 | 3 | Cr14.04 (40), Nir 4.02 (3) | 5749.90..| 0 | 1 | Fer 9.64 (Pr) 
5665.56..| in | 3 | Sir 5.60 (25) | $752.09..| 1 | 3 | Fer 2.04 (2) 
5667.25..| 2n | 3 | Sci 7.16 (10) | 5753.16..| 2 | 3 | Fer 3.14 (5), (Fer 3.40 
5668.46..| 0 | 1 | V18.37 (12) | (Pr)) 
5669.05..| 2 | 3 | Sem 9.03 (12) 5753.83..| 1 | 3 | Cr13.69 (25), Fe 13.98 (Pr) 
5669.80..| 0 | 3 | Na19.80 (3), Ni19.94 (3) || 5754.79..| 1 | 3 | Ni14.68 (10), Fe 14.92 (Pr) 
$671.70..| © | 1 | Sex 1.80.(200), (Crim 1.62 || 5757.08..| In| 2 |...........cccccs cece ook 
(Pr)) 5759.08..| O | 1 | Fer 9.27 (1) 
5675.46..| 2 | 3 | 7i15.41 (9), (Na15.34 (3) || 5760.84..| In | 2 | Ni10.85 (4) 
5677.67..| On | 1 | Fer 7.70 (Pr) 5763.12..| 3 | 3 | Fer 2.99 (10) 
5678.35..| 1 | 1 | Crm 8.42 (10), Fer 8.41 5766.43..| 0 | 1) Ti16.33 (4) 
| | (Pr), (Fe1 8.62 (Pr)) 5769.52..| O | 1 | Fer 9.34 (1) 
5679.04..| 2 | 2] Fer 9.02 (2) $772.37..| 1 | 3 | Sir2.26 (50), V1 2.40 (6) 
“SG Fg a a eee tere 5774.20..| 0 | 1 | Tix 4.04 (5) 
5679.78..| 1 | 1 | (Fer 0.26 (1)), (Tir 9.91 5775.21..| 1 | 3} Fer5.09 (5) 
| , t  @yp i ee eee 
5680.98... 0 | 1 | Crr 1.20 (60) 5778.62.) On | 2 | Fe 8.47 (1), Fer 8.81 (Pr) 
5682.61..| 3 | 3| Nir 2.63 (8) 3780.70..| 1. | 3| Fer 0.62 (2), Fer 0.83 (1) 
5684.39...) 3 | 3 | Sir 4.52 (50), Sci 4.19 se2.35,.; 4. |'2 | Cut 2.13 (200) 
| (15) 5784.11..| 0 | 3 | Cr13.93 (50), (Ba tr 4.18 
5686.48..| 3 | 3| Fer 6.53 (3) | (8)) 
5687.17..| 0 | 1] Scr 6.83 (150) 5785.53..| Inn} 3 | Fer 5.0 (5), Cr1 5.82 (50) 
5688.25... 3 | 3| Nar 8.20 (10) 5786.90..| 0 | 1 | (Cr17.04 (20)), (Fe1 7.02 
5689.40..| 0 | 1 | Tir 9.46 (10) | (Pr)) 
5690.40. .| | 3 | Si1 0.47 (40) 5787.92..| 1 | 1 | Cr17.99 (75) 
5691.55..| 1 | 3] Fer1.51 (1), Fea 1.38 (Pr), || 5788.24..| In] 2 |.......... cece eee cece cues 
| | Per 4.71 (Pr), (Wiv 153 | SIO87S. | 0 12h. ook ne ee eek 
(1)) 5791.01..| 2 | 3 | Fer 1.04 (2), Cr1 1.00 (100) 
WA Be 2 Rae eee, re SE AE St eee 
5694.97..| 1 | 3 | Nir 5.00 (6) || 5793.29..| 1 | 3 | Sir 3.13 (30), C1 3.51 (3), 
5696.49.., On | 2 | (Fer 6.11 (Pr), (Fem 6.11 || | Fert 3.16 (Pr) 
es (Pr)), (S 1 6.63 (2)) || 5794.33..| 0 | 2 | Fer 3.93 (2) 
5698.35..| 1 | 2 | Fer8.37 (2),Cr18.33 (100), || 5798.08..| 1 | 3 | Fer 8.19 (2), Six 7.91 (40), 
| V 18.51 (60) | Cr1 8.46 (25), Fem 7.81 
5700.31..| 1 | 3| Cr10.51 (40), Scr 0.23 || | (Pr) 
| (100), $10.24 (4), Cur || 5799.82..| 0 | 1 | Fer 0.02 (Pr) 
0.24 (30) | 5804.43..) 1 | 1 | Fer 4.48 (1) 
5701.17..| 1 | 1 | Six 1.14 (25) ‘| 5805.23..| 0 | 2 | Ni15.23 (5), Fem 4.91 (Pr) 
5701.57..| 2 | 3 | Fer 1.55 (7) '| 5805.60..| 0 | 1 | Fer5.77 (1) 
5706.06..| 2 | 3 | Fer 5.99 (2),516.11 (6), |) 5806.77..| 1 | 2 | Fer 6.73 (2) 
| Fe 6.12 (Pr) | 5807.14..| 1 | 1 | V17.14 (3) 
5707.06..| 1 | 3 | Fer 7.06 (1), V1 6.97 (30), || $008.17...) 2 | 1/...........00 0.0 es ee 
(Fer 7.25 (Pr)) | 5809.24..| 1 | 2 | Fer 9.24 (2) 
5708.40..| 2 | 3 | Six 8.44 (75) CO Se eee 
5709.50... 3 | 3 | Fer9.38 (10), Ni19.56 (12) || 5811.74..| 0 | 1 | Fer 1.94 (1), Fem 1.93 (Pr) 
5710.30..| 0 | 2 | Fer 9.93 (Pr) 5813.74..| 0 | 1| Fem 3.67 (3) 
5711.15..| 2 | 3 | Mgr 1.09 (6) |) 5814.91..] 0 | 1 | Fer 4.82 (1), Fer 5.16 (1) 
5712.07..| 3 | 3 | Fer 2.14 (2), Fer 1.87 (2) || 5816.47..| 1 | 3 | Fer 6.36 (3) 
5712.75..| 0 | 1 | Cr12.78 (100) 5817.76..| 0 | 2 | V17.53 (5) 
5713.97..| On | 2 | Tir 3.90 (3) || 5823.30..| 0 | 1 | Fem 3.17 (3) 
a ee fo ee ee eee || 5833.95..| 0 | 1 | Fer 4.06 (Pr) 
5715.21..| 2 | 3 | Fer5.11 (1), Nir 5.09 (6), || 5835.46..| 1 | 1 | Fe15.61 (3), Fe15.59 (Pr), 
| Tit 5.12 (9) | | Fer 5.43 (Pr), Fem 5.50 
5717.86. .| 1 3 | Fer 7.84 (3) | | (Pr), (Fe1 5.43 (Pr)) 
5722.00..| O | 1 | Fer 1.72 (Pr) || 5837.72..] O | 1 | Fer 7.70 (1) 
5731.89..| 1 | 3 | Fer 1.77 (3) || 5843.95..] 0 | 1 | (Tim 3.77 (Pr)) 
5732.80. .| O | 1 | Fer 2.89 (Pr), Fe 12.72 (Pr)|) 5846.42..| 0 | 1 | V16.31 (8) 
i 
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5848.12. . 
5850.20. . 
5852.34. . 
5853.77... 


5855.03. . 
5856.00. . 
5857.61: . 
5858.54. 

5859.70. . 
5860.50. . 
5862.43. . 
5863.78. . 
5864.07. . 
5866.59. . 
5867.35. . 
5873.11... 
5877.71. . 
5883.80. . 
5885.92. . 
5887.58. . 


5889.99. . 
5891.28. . 


5892.43. . 
5892.86. . 
5893.00. . 
5895.99. . 
5897.57. . 
5898.21. . 
5899.50. . 
5900.10. . 
5901.54. . 
5902.74. . 
5903.42. . 
5904.01. . 
5904.93. . 
5905.71... 
5908.30. . 
5909.15. . 
5909.70. . 
5910.18. . 
5912.55... 
5914.21. . 
5915.50. . 
5916.29. . 
5918.30. . 
5919.16... 
5919.55... 
5920.56. . 
5922.25... 
5922.45... | 
£923.62. . 
5927.96... 
5929.54. . 
5930.17. . 
5932.21. . 


5932.79. 
5934.67. 
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| Int. ‘| Identification 
0 | 3 | Fer 8.09 (2) 
EER Be keer k rh Shc yer ene i| 
1 | 3| Fer2.19 (2) 
2 | 3| Baw 3.68 (200), Cr1 4.27 || 
(75) 
1 | 2 | Fer 5.13 (1) 
1 | 1 | Fer 6.08 (2) 
3 | 3| Cat 7.45 (100), Ni1 7.76 (9) | 
0 1 | Fer 8.28 (Pr) 
2 | 3 Fer 9.61 (5) 
0 | 2} (Tim 0.92 (Pr)) | 
2 | 3 | Fer 2.36 (8) 
0 | 11] Lam 3.70 (80) | 
0 | 1} Fer 4.25 (1) | 
O | 1] Ti1 6.45 (35) | 
0 | 1 | Car7.57 (1), (Fer7.01 (Pr) || 
On | 1 | Fer3.22 (2), Eu 2.98 (500) || 
O | 1) Fe17.77 (1) 
1 |3| Fer 3.84 (4), Atm. 3.91 (5) 
Inn| 2 | Fe 1 5.73 (6), Atm. 5.98 (5) || 
Onn} 1 | Atm. 7.66 (3), Atm. 7.23 (5), || 
| Fe 7.48 (Pr) 
10 3 | Nar 9.95 (10) 
1 | 3 | Fer 1.36 (8), Fer 1.12 (1), 
Fer 1.19 (Pr) 
1 1 | Atm. 2.40 (3) 
In | 2 | Nir 2.88 (12), Fer 2.71 (2) || 
1 1 1) en ee Ser 2) Sen eo oe 
4 | 3) Na15.92 (9) | 
In | 1 | Vit 7.54 (50) | 
In | 2 | Atm. 8.17 (4), Fe1 8.21 (1) || 
In | 1 | Tit 9.30 (25) 
2 | 21 Atm. 0.05 (4) 
1 2 |-Atm. 1.47 (6) 
1 1 | Fer 2.53 (1) 
1 | 1] Ti13.32 (5) 
1 BANDS WAM he isis ae OOS eee 
1 DP eee Ao ete oer hic pew tenet 
1 | 3 | Fer 5.67 (3) 
O | 1] Fer 8.25 (2) 
0 | 1] Atm. 9.00 (3) 
On | 1 | Fer 9.99 (3), Fe 1 9.38 (Pr) 
in | 2 | (Ti11 0.07 (Pr)) | 
1 1 | Ge ea a AS Renata 
3 | 3 | Fer 4.16 (8) 
1 1 | Co1 5.55 (10) 
1 3 | Fe1 6.25 (3), (V 1 6.36 (15)) 
In | 1 | 7718.55 (10) 
1 1 | Atm. 9.06 (5) 
in | 1 | Atm. 9.65 (7) 
1 2 | Fe1 0.52 (2) 
1 1 | Tir 2.11 (18) 
ee Pe ao Baa ce ae 
BAN Frees 5 catches oes oar has ae ees ee 
2 2 | Fer 7.80 (2) 
O | 1 | Fer 9.70 (1) 
2 3 | Fe1 0.17 (8) 
1 | 2! Atm. 2.10 (5), (Fer 1.90 
(Pr)), (Fe m 2.05 (Pr)) 
0 | 1 | Atm. 2.79 (2) 
1 2 | Fe1 4.66 (5) 





| 











6061.05. .| 








| Int. N Identification 
eee: | 8 PO esi bs eek ces 
5937.80. . | 1 | Ti1 7.81 (6) 
| 5941.12..| In | 2 | Atm. 1.08 (5), Fe1 0.97 (2), 
(Fe 11 1.36 (Pr)) 
§942.50..| 1 2 | Atm. 2.58 (3) 
5944.10..| On | 2 | (Fer 3.60 (Pr)) 
| 5945.90..; in | 2 | Atm. 6.01 (3) 
5§946.58..| 1 1 | (Cot 6.48 (5)) 
| 5946.98...) 1 1 | Atm. 7.07 (2) 
| 5948.59...) 2 3 | Sir 8.58 (100) 
5949.51...) 1 3 | Fer 9.35 (2) 
Soet.ae:.. GOP Sorat en. oo Ov ct cee 
| 5952.69..| 1 | 3 | Fer 2.75 (3), Fem 2.55 (Pr) 
5954.60..} In we Pash Be 2 soc co oe 
| 5956.16..| In | 2 | Fem 6.5 (4), Fe1 6.70 (3), 
(Fer 5.68 (1)) 
5957.43..} In| 1 | Sim 7.61 (5) 
| 5958.16..| 1n | 1 | Fer 8.25 (2), Fer 8.35 (Pr) 
| 5965.95...) 1 1 | 771 5.83 (30), Eu 1 6.07 
(1200) 
‘5967.64..| 1 SRS ees cook ete in vona a aia 
5973.75..| O 1 | (Lam 3.52 (120)) 
5974.63..| 1 1 | (Fe1 4.60 (Pr)) 
5975.36..| 1 3 | Fer 5.36 (4) 
5976.72..| 2 3 | Fer 6.80 (5) 
5978.62..| O | 3 | Ti1 8.54 (25); Sim 8.97 (7) 
5981.44..; 0 1 | (Fer 1.40 (Pr)) 
5983.65..| 2 3 | Fer 3.70 (6) 
5984.84..; 2 3 | Fert 4.80 (8) 
5987.08..| 1 3 | Fer 7.06 (6) 
5988.46..| 0 3 | (Tit 8.56 (2)) 
5989.89..; 1 | RES See ba ee Vy es ie 
§991.33..) 1 3 | Fe 1.38 (10) 
5996.76..| 0 1 | Nix 6.74 (3) 
5997.75..| 1 3 | Fer 7.80 (1), Nit 7.61 (2) 
5999.46..| 1 1 | Zit 9.67 (8) 
6001.15...) 0 BR a eae aE eter eee 
6003.08..| 2 3 | Fer 3.03 (8) 
6004.48..| 1 B® Bos). ba occ. ka saws otantebees 
6006.13..| O | 3 | (Cor 6.36 (5)) 
6007.97..| 1 3 | Fert 7.96 (3) 
6008.56..| 2 3 | Fer 8.58 (9) 
6013.44..| 1 3 | Mnt 3.50 (30) 
6015.02..| 1 2 | (Fert 5.26 (Pr)) 
6016.66..| 2 3 | Mnt 6.64 (40), Fe 1 6.66 (2) 
6018.32..| 0 1 | Fer 8.31 (Pr) 
6020.19..| 3 3 | Fer 0.17 (10) 
6021.87..| 1 3 | Mn1 1.80 (50), Fe 1 1.82 (2) 
| 6023.22..| 1 Db h2 Oe he elas thw ea ee 
| 6024.11..] 3 3 | Fer 4.07 (15) 
6025.54..| 0 yh RAS ae eat SR eRe cen aan, oe 
6027.08..| 1 3 | Fer 7.06 (4) 
| 6029.16..; in | 1 | Cr1 9.28 (18) 
6032.23..| On | 1 | (Fer 2.67 (1)) 
6042.08..| 1 3 | Fer 2.09 (2), (S1 1.93 (3)) 
6043.38..| 0 1 | Cer 3.39 (60) 
6045.74..| 1n | 1 | Fem 5.50 (6) 
6046.07..| 1n | 2 | $16.04 (5) 
6052.75...) 1 2 | $12.66 (10), (Mn i1 2.89 (0)) 
| 6056.10...) 2 3 | Fer 5.99 (4) 
0 1 | Fe 1.04 (3) 














6062.80. . 
6065.53. . 
6067.47. . | 
6078.58. . 
6081.15... 
6082.82. . 
6084.13. . 
6086.39. . 
6089.71... 
6091.85. . 
6093.61. . 
6094.90. . 
6096.72. . 
6098.29. . 
6098.98. . 
6100.28. . 
6102.34. . 
6102.84. . 
6103.38. . 
6104.95. . 


6106.57. . 


6108.09. . 
6111.08. . 
6113.05. .| 
6113.48. .| 
6114.84. . 
6116.13. . | 


6118.24. .| 
6119.86. . 
6120.92. . 
6122.25.. 
6125.08. . 
6126.30. .| 


6127.92. .| 
6130.16. .| 
6131.73. .| 
6136.73. .| 
6137.81. .| 
6138.56. . | 
6139.64. . 
6141.78. . 
6142.71.. 
6144.97... 
6146.60. . | 
6147.83. .| 
6149.27. .| 
6150.21. . | 
6151.68. . 
6155.16. .| 
6157.85. .| 
6160.81. . | 


6161.30. .| 


6162.21. .| 
6163.65... 
6165.19. .| 
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TABLE 1—Continued 





Identification 


| Fet 2.89 (1), Cr1 2.75 (50) 
| Fer 5.49 (13) 


| Fer 8.50 (4) 
| (V1 1.42 (25)) 
| Fer 2.71 (1) 


Fe 4.11 (5) 
Nit 6.29 (5) 
Cru 9.69 (15) 
(Fe 1 1.74 (Pr)) 


| Fer 3.66 (1) 


(Fe 1 4.42 (1)) 
Fe 1 6.69 (1) 


| Fet 8.26 (Pr) 
| (711 8.66 (7)) 


(Fer 0.28 (1)) 

Fe1 2.18 (5) 

Ca t 2.72 (80) 

Fer 3.19 (3), Fe u 3.54 (1) 

5.14 (Pr), (Mn 11 5.38 
5)) 


9) 
| (Zr 1 6.47 (2)), (Fe 1 6.86 


(Pr)) 
Nit 8.12 (8) 
Nit 1.06 (2) 


Fe 11 3.33 (2) 

Zr i 4.78 (2) 

Nit 6.18 (6), (Fe 1m 6.04 
(Pr)) 

(Nit 8.06 (1)) 

Nit 9.78 (2) 

(Ti1 1.01 (3)) 

Cat 2.22 (100) 

Sit 5.03 (4) 

Tit 6.22 (20), (Mn 6.21 
(10)) 

Fe 7.91 (2) 

Fe1 0.36 (1), Ni1 0.17 (3) 

Sir 1.86 (5), Sir 1.54 (4) 

Fe t 6.62 (20), Fet 7.00 (2) 

Fe 7.70 (18) 


Fe 1 9.66 (Pr) 

Bar 1.72 (600), Fer 1.73 (4) 
Sit 2.53 (5) 

Sit 5.08 (10) 


Feit 7.74 (2), Fe1 7.85 (-) 

Fe 11 9.24 (2) 

(Fe 11 0.10 (Pr)) 

Fe 1.62 (2) 

Si1 5.22 (20), Fe 11 5.24 (Pr) 

Fe 7.73 (4) 

Nat 0.75 (8), (Fem 0.75 
(Pr)) 


Cat 1.29 (10), (Tim 1.54 
Pr) 


r 
Ca 1 2.17 (150) 
Cat 3.76 (10), Fe1 3.54 (1) 
Fet 5.37 (2) 





r 


Identification 





6166.46. . 
6169.32. . | 
| 6170.57. .| 
|| 6172.08. .| 
6173.37. .| 
| 6175.34. .| 
6176.77... 
| 6180.18. . 
6187.98... 
6191.48... 
6200.23. . 
6204.68. . 
| 6213.40... 
| 6215.20. .| 
6216.51. 
| 6219.28... 
6220.55. . 
6221.30... 
6224.05... 
6229.20... 
‘| 6230.77... 
|| 6232.66. . 
|| 6233.78. . 
|| 6237.35... 
| 6238.40. . 
| 6240.14... 
‘| 6240.94. . | 
6241.93. .| 
| 6243.74... 
| 6244.30... 
| 6245.63. .| 
| 6246.18... 
6246.43... 
| 6247.59. | 
| 6249.17. 
6250.89. . 
| 6251.04. . 
|| 6252.61... 
| 6254.22... 
6255.28... 
| 6256.39. . 
6258.39. .| 
6258.68. . 
6260.90. . 
6265.15... 
| 6267.48. . | 
6270.12... 
| 6271.53. 


6273.12. .| 
| 6276.47... 
| 6276.96. .| 
| 6277.82. .| 
6279.15... 
| 6279.78. . 
6280.72. . 
6282.68. . | 
| 6284.11. .| 
| 6285.62. .| 
| 6287.44. . 
| 6289.28. . | 
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Cat 6.44 (15) 
Ca 1 9.56 (40), Ca 1 9.06 (25) 
Fe1 0.49 (4), Ni1 0.57 (3) 


Fe 3.34 (3) 

Nit 5.42 (8), Fe 11 5.16 (1) 
Nit 6.81 (12) 

Fe1 0.21 (2) 

Fei 8.04 (2) 

Fei 1.56 (20), Nit 1.19 (12) 
Fe1 0.32 (4) 

Nit 4.64 (2) 

Fe 3.44 (5) 

Tit 5.21 (20), Fe 5.15 (2) 
V 1 6.37 (30) 

Fe 9.29 (6) 

Ti 1 0.46 (12), Fe 1 0.77 (1) 
Fe 1.40 (1), Tir 1.41 (8) 
Nit 3.99 (3) 


| Fer 9.23 (1) 


Fe 0.73 (25) 
Fe 1 2.66 (5) 

Fe 11 3.52 (3) 
Sit 7.34 (5) 

Fe 1 8.38 (1) 
Fe 11 9.95 (2), Fe 1 0.27 (1) 
Fe 1 0.66 (2) 
(Ti 1 1.80 (Pr)) 
Sit 3.86 (10) 
Si1 4.56 (10) 
Sc 11 5.63 (20) 


Fet 6.33 (15) 
Fe 1 7.56 (80) 


(Fer 1.29 (Pr)) 
Fe 1 2.56 (20) 
Fe1 4.26 (6), Si1 4.25 (25) 


Fe 6.37 (4), Ni 6.36 (15) 
Ti 18.10 (40) 

Tit 8.71 (50), Nit 8.59 (2) 
Tit 1.10 (35) 

Fe1 5.14 (6) 

Fe1 7.84 (1) 

Fe1 0.24 (2) 

(Fe 1.29 (1)), (Cru 1.83 


(5)) 
(Co 1 3.03 (70)) 


Atm. 8.10 (4) 
Atm. 9.11 (3) 
Sc 11 9.76 (15) 
Fe1 0.62 (2) 
Co 1 2.64 (40) 
(Fe 1 4.01 (Pr)) 








CO ee a a 


BSAagAy AABAanannqaaaaca 


SBSaaa 


6291.01. .| 
6292.96. . 
6295.20. . | 
6295.93. . | 
6298.01. . | 
6299.06. . 
6299.50. . | 
6301.54. . | 
6302.56. . | 
6304.04... 
6305.31. . | 
6309.98... 


6314.63. . | 
6314.99. .| 
6315.81. . 
6318.08. . | 
6319.57. . | 
6320.89. . | 
6322.69. . | 
6324.40. . | 
6335.38. . | 
6336.88. . | 
6339.00. . 


6340.60. . 
6344.13... 
6347.10. . | 
6349.26. . | 
6353.12. . | 


6355.13. . | 


6357.08. . 
6358.72... 
6360.62. . 


6362.44. . | 


6364.20. . 
6364.70. . 
6366.54. . 
6368.85. . 
6369.42. . 
6369.75... 
6371.41... 
6375.23. . 
6380.23. . 
6380.96. . 
6385.11. . 


6393.61. . 
6400.03... 
6402.26. . 
6407.06... 
6408.01. 
6409.81. . 
6411.69. | 
6413.10. .| 
6414.96. 
6416.92. 
6418.72. | 
6419.98. | 
6421.41. . 
6430.84. 
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| 
| 
| 
| 


Fe 0.97 (3) 
Atm. 2.97 (3) 
Atm. 5.19 (3) 
La 11 6.08 (300) 
Fe 7.80 (5) 


Fe 1.52 (15) 

Fet 2.51 (6) 

(771 3.75 (10)) 

Fe 5.32 (1) 

—" (15), (Fer 0.54 
1 

Nit 4.68 (15) 

Fet 5.32 (3) 

Fert 5.81 (2) 

Fe 8.02 (10) 


Sc 1 0.85 (7) 
Fet 2.69 (5) 


Fe 5.34 (10) 

Fet 6.84 (12) 

Fe1 8.90 (1), Nir 9.15 (7), 
V 1 9.09 (5) 


Fert 4.15 (2) 
Si 7.09 (10) 
(V 1 9.48 (5)) 


Fet 5.04 (4) 

V 1 7.30 (4) 

Fe 1 8.69 (3) 

Nit 0.80 (5) 

Zn 1 2.35 (100) 

Fe 1 4.38 (1) 

Fe 4.72 (1) 

Nit 6.48 (4), 771 6.35 (8) 


Si 1 1.36 (8) 

(Nit 5.32 (1)) 

V 110.11 (40) 

Fe 0.75 (3) 

Fe 11 5.47 (5), Nd 11 5.20 
(150) 

Fe 1 3.60 (400) 

Fe1 0.01 (800), Fe1 0.32 (50) 

(Fe 1 2.43 (1)) | 

Fe 11 7.30 (1), (Fe 1 6.42 (1))/| 

Fe 1 8.03 (60) 





(Nit 4.60 (5)) 
Fe 11 6.90 (1) 
Cr 11 8.87 (7) 
Fe 1 9.98 (30) 
Fe 1.36 (200) 
Fe1 0.85 (300) 


| 6518.28. . | 
| 6518.70. . 
| 6526.49. . 
6526.87... 
6527.28. . 
| 6531.98. . 
| 6533.76. . 
| 6544.04. .| 
6546.19. . 


6551.94. . 
6555.69. . 
|| 6562.84. .| 

6569.29. . 


| 6571.63. .| 
| 6574.55... 
6575.17... 
6580.86. .| 
6586.42... 
| 6587.70. .| 


ued 
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Fe 11 2.65 (8) 

Fe 11 3.85 (3) 

(Y 1 5.00 (500)) 

Fet 6.43 (1) 

Cat 9.07 (150) 

Mnt 0.97 (8) 

Fe u 2.97 (6) 

Fe 11 6.43 (0), (Mntr 6.28 
(15)), (La 11 6.62 (200)) 

Cat 9.81 (50), Co 1 0.23 (80) 

Fet 1.59 (2) 

V 1 2.35 (10) 

Fe 11 6.38 (3) 

Cat 2.57 (125), Fe1 2.73 


(30) 
(Tim 4.66 (Pr)) 


Fe19.21 (15) 

Cat 1.66 (40), (Se 1 1.55 
(Pr)) 

(Sm 11 2.34 (300)) 

Fet 5.63 (12), Fe1 4.61 (1) 


Fe 1.88 (20) 
Nit 2.81 (5) 


Fe 11 1.28 (4) 

Mn11.71 (15), Ti 11 1.61 (2) 
Cat 3.78 (80) 

Fe 4.98 (1000) 

Fet 5.78 (3) 

Ba 11 6.90 (600) 

Cat 9.65 (30), Fe 1 8.95 (5) 
Fet 1.68 (4) 











Fe 11 6.05 (20), (Sc 1 6.17 
(Pr)) 
Fe 1 8.38 (20) 


(Mn t 6.54 (2)) 
(La 11 6.99 (200)) 
Sit 7.20 (Pr), Sit 7.49 (3) 





WW 


| Fet 3.97 (8), Atm. 3.95 (2) 
| Atm. 3.91 (2) 

| Fet 6.24 (200), Tit 6.28 

| 


| (Fer 5.86 (Pr)) 

| Ha 2.82 

Fe 19.23 (50), Smut 9.31 
(1000) 

(Fe 11 1.41 (tr)) 

Fe 4.24 (3) 

Fet 5.02 (30) 

| (Cr1 0.96 (8)) 
Nit 6.33 (6) 

C1 7.75 (4) 
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TABLE 1—Continued 
































| |} 

» Int. | N | Identification } » Int. | N Identification 
6582.95..| 2 | 3 | Fe1 2.92 (300) 6678.00..| 2 | 2 | Fer 7.99 (600) 
6593.83..| 1 | 3 | Fer 3.88 (60) 6717.62..| 2 | 2 | Ca17.68 (500), Fer 7.56 
6597.45..| O | 2 | Fer 7.61 (15), Cr 17.56 (40) (3) 
6604.54..| in | 2 | Sc1r 4.60 (10), Fe 14.67 (1) || 6722.04...) 1 1 | Sir 1.97 (4) 

6609.04..; 1 1 | Fer 9.12 (30) 6726.31..; 1 1 | Fert 6.67 (20) 
6609.80..) 1 1 | (Fer 9.56 (1)), (Fer 9.69 6748.68..| 1 1 | $18.79 (8) 
(Pr)) 6750.15..| 1 1 | Fer 0.15 (100) 
6615.26..| O | 1 | (Fer 5.01 (Pr)) 6752.28..| O | 1 | Fer 2.72 (10) 
6633.72..| 1 | 2 | Fert 3.76 (50) ER fe Rea eee 
6639.83..| 1 1 | Fe1 9.72 (4), Fer 9.90 (2) 6757.23...) 1 1 | $17.16 (10) 
6643.56..| 2 | 2 | Nir 3.64 (20) 6767.80..| 1 1 | Ni1 7.78 (20) 
6663.34..| 2 | 2 | Fe1 3.45 (80), Fer 3.26 (1) | | 



































TABLE 2 
THE VARIATION OF INTENSITY WITH SPECTRAL TYPE FOR THE 
STRONGEST UNIDENTIFIED LINES IN THE SPECTRUM OF PROCYON 
| | ban 
INTENSITY* | 
r | | | Note 
| a Sco aBoo | © Disk | aCMi | «Car | 
| cM1 | gKo | dG2 dF4 cFO | 
a } — | = ae — | 1 
bi: eee | | 3. | 4n Of: 2 
See B pee . og *) 
ne t. Ae 6n 4 | 4 a 
TT | Seta cepa aee enna 7) ea ee ro ae 2 | 
ie ie Aa 7 6 4 4 2 ee 








* A blank space indicates that the line lies outside the range of the table consulted, whereas a dash 
(—) means the line is not recorded. Of course, the intensities are not strictly comparable. 
Intensity sources: 
a Sco: Dorothy N. Davis, Ap. J., 89, 41, 1939. 
a Boo: Sidney Guy Hacker, Contr. Princeton Obs., No. 16, 1935. 
© Disk: St. John, Moore, Ware, Adams, and Babcock, Revised Rowland, Pub. Carnegie Inst. Washing- 
ton, No. 396, 1928. 
a CMi: Table 1. 
a Car: Jesse L. Greenstein, Ap. J., 95, 161, 1942. 


NOTES TO TABLE 2 


1. Masked in a Sco. Probably also in a Car. 

2. Blended in a Sco. 

3. The contribution of the unclassified line Fe 1 4159.3(1) may play a very minor 
role. 

4. The contribution of the line 77 1 4188.69(5) is rather negligible in a CMi and 
a Car. 





















is shown in Table 2. For the most part, these lines are unidentified throughout the se 
quence of spectral types in this table. Their presence in the spectrum of a Carinae does 
not favor the hypothesis that they are of molecular origin; moreover, they are all listed 
in the sun-spot spectrum as atomic lines.” 







12 Charlotte E. Moore, Alomic Lines in the Sun-S pot Spectrum (Princeton, 1933). 
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ATOMIC IDENTIFICATIONS 


The atoms and ions identified in the spectrum of Procyon, listed according to atomic 
number, are the following: H, C1, Na1, Mg1, Mgu, Alt, Sit, Siu, S1, Cat, Cau, 
Sci, Seu, Tit, Tiu, V1, Vu, Cri, Cru, Mni, Mnuy, Fet, Fe, Cot, Nit, Niu, Cut, 
Zn, Sri, Sru, Y u, Zru, Mot, Mou, Bat, Bau, Lau, Cen, Pru, Ndu, Smu, Eun, 
Gdu, Dy u, Yb1. The element Mo 11 is most probably present, but the evidence rests 
principally with the weak line at \ 4364. The Sr 1 identification is based only on the line 
Sr 14607. But this is an ultimate line, and there seems to be little question of the presence 
of this atom. In addition, K 1, Y 1, Rw, and Ba 1 entries appear in Table 1, but the atoms 
corresponding to these lines have not been identified with the same certainty as those 
listed above. The well-known lines Ag 1 5465, Cs 1 4593, 7/1 5350, and Pb 14058 have 
been entered; but, for reasons of ionization and expected abundances, these “‘identifica- 
tions” must be considered as doubtful. 

Of the singly ionized rare earths identified, Ce 11 and Eu tt are the most obviously 
present, their strongest lines reaching an intensity approaching 2. The main lines of Pr 11, 
Nd u, and Gd 11 appear with intensities of about 1, and those of Sm 11 and Dy 11 are just 
faintly visible. The element La, which is sometimes considered as a rare earth, is well 
represented by Lau lines, the strongest of which appear with an intensity of 3 in Pro- 
cyon. The rare earths have low first and second ionization potentials. They are, there- 
fore, to a great extent ionized in a source like the sun; in Procyon this must be true to an 
even greater extent. However, owing to the fact that the spectral energy of some of the 
neutral rare earths is concentrated in but a few strong lines, there is a possibility of de- 
tecting their presence. To wit, Yb1 has been identified in the solar disk and is probably 
also present in Procyon owing to a rather close coincidence with Yd 1 3988. A. S. King'® 
has called attention to the faint presence of Ew 1 lines in the sun-spot spectrum. The ap- 
parent absence of these lines in the solar-disk spectrum seems to preclude their observa- 
bility in Procyon. For this reason the entries Eu 1 4594 and Eu 1 4627 should be regarded 
with suspicion. A note by King" concerning the possible presence of neutral dysprosium 
in the sun is of interest in the present connection because many of the prominent Dy 1 
lines listed by him coincide with faint Procyon lines. Unfortunately, the leading line is 
masked on our spectra; but the lines Dy 1 4046, 4195, 4215, 4221, 4589, 4612, have been 
entered—in parentheses, however, since these coincidences must be taken only as a tenta- 
tive identification of Dy 1; indeed, if they are not chance coincidences, they should per- 
haps be taken rather as evidence against the presence of Dy1 in the sun and Procyon, 
since the latter star is of earlier spectral type. 

All the atoms and ions which have been identified by Dunham" in a Persei are includ- 
ed in the above list; however, the relative intensities in these stars indicates a somewhat 
lower level of ionization for the present star, obviously a result of its dwarf character. 

Needless to say, the presence of some elements—e.g., B 1, As 1—or stages of ionization 
—e.g., Com, Yb 1—cannot be discussed, since the ultimate lines and sometimes all or 
all but the very faintest lines lie outside the astronomical region or even the wave-length 
limits of Table 1. No additional atoms or ions are identified in Roach’s'® table extending 
to A 7593. Paul W. Merrill’s!? photographic reconnaissance of stellar spectra in the region 
\d 7000-9000 has revealed that oxygen is represented in Procyon by O 1 8446. 


MOLECULAR IDENTIFICATIONS 


From a study of Yerkes Observatory spectra having a linear dispersion of 30 A/mm at 
44500, Swings and Struve'® have placed the upper limit of visibility of the bands 

13 Ap. J., 89, 377, 1939. 16 4p. J., 80, 233, 1934. 

M Pub, A.S.P., 54, 201, 1942. 17 Ap. J., 79, 192, 1934. 

8 Loc. cit. 18 Phys. Rev., 39, 142, 1932. 
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CN 4216, 4197, and CH 4315 at spectral type F8. For CN 3883, however, this limit must 
occur slightly earlier in the spectral sequence, since this band is substantially stronger 
than the bands in the sequence starting with CN 4216. Accordingly, in a type dF4 star 
such as the present one, having an effective temperature of about 6500° K, the molecular 
lines must be very weak or absent; only those molecules, such as CN, CH, OH, and NH, 
which show moderately strong lines in the spectrum of the solar spots as well as in that 
of the disk, are to be expected. We proceed with a discussion of CN and CH, both of 
which show lines of maximum intensity 3 in the solar disk and are clearly but weakly 
present in Procyon. 

CN.—In the case of CN, the Av = 0 (AA 3883, 3871, ....) and Av = —1 (AA 4216, 
4197, ... .) sequences of the violet system (#2 <— 22) have been identified. The maximum 
line intensity reached is about 1. The CN red system lies, for the most part, outside the 
limits of Table 1; moreover, it is much weaker than the violet system and would not be 
observable in Procyon. Uhler and Patterson’s'*® extensive wave-length table was used in 
making the identifications in the Av = 0 sequence, in which only the A 3883 (0, 0) and 
\ 3871 (1, 1) bands are recognizable. It is apparent that the maximum for the CJ lines 
in the R branch of the (0, 0) band lies somewhere between R(25) and R(35). However, 
owing to the numerous cases of blending and masking, it would be imprudent to attempt 
even a rough determination of the rotational temperature for this molecule, using either 
the R or the P branches of the (0, 0) band or any cf the other observed bands. Probably 
this observation of the approximate location of a CV maximum, which is in accord with 
what is to be expected in stellar atmospheres, best serves only to strengthen the identifica- 
tion of CN. T. Heurlinger’s*® monograph on band spectra provided the necessary labora- 
tory material for the Av = —1 sequence. In addition to the \ 4216 (0, 1) and \ 4197 
(1, 2) bands, a number of the stronger members of the \ 4181 (2, 3) band have been re- 
corded. 

On high-dispersion laboratory spectra the higher members of both the P and the R 
branches are resolved into doublets usually having a separation less than 0.10 A. Owing 
to the character of the stellar lines and the dispersion of our plates, only the simple aver- 
ages of the laboratory wave lengths of the doublet components have been entered in 
Table 1. Immediately preceding the wave length is given the following abbreviated de- 
scription of the location of the line in the violet CN band system: the branch and particu- 
lar band, indicated by its v’, v’’ numbers without the customary parentheses. 

CH.—The CH wave lengths and molecular notations have been taken from the recent 
work of E. Fagerholm. The A 4300 (7A < ?II) system, together with the (0, 0) and (1, 1) 
bands of the A 3900 (?2~ <—°II) system, fall within the limits of Table 1. In the strongest 
CH system, that of the \ 4300 region, the (0, 0) band has definitely been identified; the 
maximum line intensity reached is about 2, the P branch appearing somewhat weaker 
than the Q and R branches. In Table 1 the CH identifications have been entered in the 
same way as for CN, except that the four rotational component lines corresponding to 
each value of K” have not been averaged in wave length. In the Q and R branches the 
points of maximum intensity fall in the neighborhood of the lines Q(12) and R(12); but, 
although blending and masking effects are much less troublesome than for the CN bands, 
the obscuration is enough to make it well-nigh impossible to ascertain the true intensity 
distribution. The (1, 1) band of the above system is almost superposed on the (0, 0) band. 
A few faint lines corresponding to the expected strongest members of the Q and R 
branches have been entered, since they presumably form the “‘peaks” of these branches 
protruding just above the limit of visibility of the plates. The \ 3900 system is not recog- 


19 Ap. J., 42, 434, 1915. 
20 Untersuchungen iiber die Struktur der Bandens pektra (Lund, 1918). 
21 Arkiv fir mathematik, astronomi och fysik, A, Vol. 27, No. 19, 1941. 
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nizable, but this may arise from the crowding of atomic lines in the region of the (0, 0) 
band, over 90 per cent of the members of this band being masked. 

Fagerholm’s” analysis of the CD bands provides ample material on which to base a 
search for evidence of this molecule; however, no trace of CD is revealed in our table of 
measures. 

CH and CN in F-type stars —For the F-type stars mentioned in the introduction we 
offer the following comments concerning CH and CN. Albrecht’s** table does not cover 
the region of the strongest CN bands; but in the region of the CH 4300 system, al- 
though he does not actually identify any features with CH, the stronger lines appear to be 
present in his table. Swings and Struve*4 found both CH and CN to be “perhaps very 
faint” in Procyon, but no trace of these molecules was found in a Persei by them or by 
Dunham.” Since these stars are, respectively, a dwarf and a supergiant of the same spec- 
tral type, it is natural to seek an explanation of the absence of molecular lines in a Persei 
in terms of an absolute magnitude effect. Unless we choose to suppose that C and N are 
more abundant in Procyon than in a Persei, the theory offers no explanation; for, ac- 
cording to the present approximations of H. N. Russell,?° Y. Cambresier and L. Rosen- 
feld,?? and M. Nicolet,”* there should be little difference or even a slight enhancement in 
the abundance of CH and CN in passing from an early dwarf to a giant of the same spec- 
tral type. But, when comparing observations of very faint features, we must bear in mind 
that much depends on the contrast, quality, and dispersion of the spectrograms com- 
pared, on the observers’ ability to see faint features, and on the method of recording— 
that is, the microphotometer tracing versus the measuring microscope. 

Of course, the absence of CH and CN in a Carinae’ and ¢ Aurigae*® is not surprising, 
since both of these stars are of earlier spectral type than Procyon. In y Cygni, Swings 
and Struve*! found CH and CN to be extremely faint, whereas Roach® does not list 
any molecular lines whatsoever. Both CH and CN have been observed by Swings** 
on microphotometer tracings of 6 Cephei, whereas Krieger*4 was unable to record any 
individual lines; but, as he remarks, a weakening in the continuous background is more 
easily observed on tracings than in the eyepiece of the measuring microscope. 

Other molecules—An F-type spectrum is not a promising one in which to conduct a 
search for any but the molecules most prominently present in the sun. For this reason no 
attention has been given to molecules which have not already been considered in astro- 
nomical sources. Following CN and CH, the next strongest band systems which have been 
identified in the spectrum of the solar disk are those of OH and NH. The bands of OH 
(the \ 3064 system) and the strongest bands of VH (the 3360 system) unfortunately lie - 
outside the region covered in the present study. The (0, 0) band of the \ 4502 system 
(‘II —'Z) of NH, the only known band of this molecule falling within the limits of the 
observed spectrum, arises from an electronically excited state and is, according to H. D. 
Babcock,* faintly recognizable in the sun; as might be expected, it was found to be ab- 
sent in Procyon. In view of the comparative weakness of the CH and CN lines in our 
spectra and the high ratio of intensity of the solar CH, CN, OH, and NH lines compared 
to those of the other solar molecules, one should not expect any evidence in Procyon of 
the remaining molecules present in the sun. A check on this expectation was made by 


22 Tbid. ' 26 Ap. J., 79, 317, 1934. 

23 Loc. cit. 27 M.N., 93, 710, 1933; L. Rosenfeld, W.N., 93, 724, 1933. 

*4 Phys. Rev., 39, 142, 1932. 2% Mém. Soc. R. Sc., Liége, 2, 89, 1937. 

* Loc. cit. 29 Greenstein, op. cit. 

%° Frost, Struve, and Elvey, op. cit.; Morgan, of. cit.; and Swings and Struve, A p. J., 94, 307, 1941. 
1 Phys. Rev., 39, 142, 1932. 

2 Ap. J., 96, 272, 1942. 34 Loc. cit. 

93 W.N., 92, 140, 1931, 3 4p. J., 102, 154, 1945. 
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searching for the strongest lines of a number of the molecules which have been considered 
in the sun; no evidence was found for the molecules C2, MgH, and SiH or for AlH, H,, 
and Sif, which were once considered, at least tentatively, as showing in the solar spec- 
trum but are really absent, according to Babcock’s®* recent study of the chemical com- 
pounds present in the sun. 

Our spectrograms were taken close to the time of Procyon’s culmination; consequent- 
ly, the telluric lines should be weak. Indeed, the only such atmospheric lines which ap- 
pear (listed as “‘Atm.”’ in Table 1) are those of intensity greater than about 3 in the 
Revised Rowland.*’ Those unblended telluric lines recorded on more than one plate show 
no real shift in their wave lengths uncorrected for radial velocity. In order that the stellar 
and telluric lines may form a consistent system in wave length, the uncorrected values 
have been entered in the first column of Table 1 for those lines considered to be, for the 
most part, of telluric origin. For the identifications of atmospheric lines in the fourth 
column the wave lengths and intensities from the Revised Rowland have been given. 


The author is sincerely grateful to Dr. O. Struve for the table of measures, to Dr. P. 
Swings for his constant encouragement and counsel, and to Mrs. B. W. Sitterly (née 
Charlotte E. Moore) for her kind co-operation in discussing a number of critical identi- 
fications and in lending most of her Revised Multiplet Table before its publication. 


36 Tbid. 
37 St. John, Moore, Ware, Adams, and Babcock, Pub. Carnegie Inst. Washington, No. 396, 1928. 
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NOTES 


AN INTERESTING EMISSION-LINE STAR NEAR THE ORION NEBULA 


In the course of the classification of spectra of faint stars in the neighborhood of the 
Orion nebula an emission-line star was found which appears to be new. It was first no- 
ticed on an objective-prism plate which had been taken with the 24-inch Schmidt tele- 
scope of the Case School of Applied Science in Cleveland. The exact nature of the spec- 
trum could not be ascertained, other than that it was made up of a combination of emis- 
sion and absorption features. A slit spectrogram was obtained later with the 40-inch 
telescope; it is reproduced in Plate VIII. 

The spectrum originates from the star BD —6°1253, which appears to be immersed in 
the extensive nebulosity which extends a considerable distance east and south from the 
Orion nebula proper. This nebulosity absorbs background starlight and normally would 
be accounted a dark nebula; it does, however, shine feebly, and there are occasional 
patches which are fairly conspicuous. That it is an extension of the Orion nebula there 
can belittle doubt. The star BD —6°1253 is the nucleus of a small, very bright condensa- 
tion, which is catalogued as NGC 1999, The star itself has a photographic magnitude in 
the neighborhood of 10.8; on long exposures with small instruments, however, the star 
and nebula produce an almost stellar image having a photographic magnitude of approxi- 
mately 8.5. 

The spectrum is composed of very bright emission lines of H, Fe ur, Ti u, and Ca un, 
which are superposed on a continuous spectrum containing broad absorption lines at 
Hy and Hé. From the latter it is estimated that the spectrum of the star itself corre- 
sponds to a dwarf of Class A or late B. The remarkable feature is the great strength of the 
enhanced emission lines-of iron and titanium; they appear to be much stronger relative 
to the bright hydrogen lines than in Merrill’s “‘iron star,” XX Ophiuchi, at the time when 
the Yerkes plate of the latter star was obtained. The spectrum of BD —6°1253 will be more 
fully described at a later time. 

On the assumption that NGC 1999 is an extension of the Orion nebula, we can derive 
its parallax from an investigation now in progress at the Yerkes Observatory of the dis- 
tance of the stars and nebulosities in the Orion aggregate. The true distance modulus is - 
in the neighborhood of 

m—M =8.0 


which corresponds to a parallax of 
x =0"0025. 


The apparent photographic absolute magnitude of BD —6°1253 is therefore about +2.8; 
this value will, however, almost certainly require an appreciable negative correction be- 
cause of absorption effects in the nebulosity. 


We are indebted to Dr. J. J. Nassau for the opportunity to obtain the objective-prism 
plates used. 
W. W. MorGan 
STEWART SHARPLESS 
YERKES OBSERVATORY 
WILLrAMs Bay, WISCONSIN 
January 1946 
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THE SPECTRUM OF HD 151932 


The star HD 151932' has been considered by Beals? as the prototype of the WN7 spec- 
tral class. Its spectrum was previously described by Mrs. Payne-Gaposchkin* and by 
Swings,‘ of whom the latter gave a list of wave lengths in the range \A 3888-6561. Last 
year Struve’ studied the star for radial velocity, and the spectrograms secured suggested 
the presence of more emission features than the ones contained in Swings’s list. Conse- 
quently, in June, 1945, the star was reobserved with the Cassegrain quartz spectrograph 
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YERKES AND MCDONALD OBSERVATORIES 


December 28, 1945 


* There is a weak absorption at AA 4460 and 6283. Estimated intensity 0 indicates that the presence of the line is uncertain. 
The laboratory intensities are quoted from Moore’s revised Multiplet Table (Contr. Princeton U. Obs., No. 20, 1945). 


t Indicates that there is a violet absorption. 
t According to Swings. The line is not visible on the spectrograms taken by the writer. 
of the 82-inch reflecting telescope of the McDonald Observatory. Two exposures of the 
star were made, one on Fastman 103a-F emulsion and the other on Eastman Process 
emulsion; the dispersion used was 55 A/mm at Hy. Table 1 gives the list of wave lengths, 
the estimated intensities, and the identifications. 


JORGE SAHADE 


* CD—41°10972. a = 16°48™5; 6 = —41°45’6 (1945.0). The star is located in the cluster NGC 6231, 
in Scorpius; its photographic magnitude is 6.4. 
2 Trans. I.A.U., 6, 248, 1938; J.R.A.S. Canada, Vol. 34, Pl. VIII, 1940. 
8 Harvard Bull., No. 843, p. 7, 1927. 
5 Ap.J., 100, 189, 1944; McDonald Contr., No. 96. 


4 Ap.J., 95, 112, 1942; McDonald Contr., No. 40. 
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NOTES 


NOTE ON THE PERIOD OF U CEPHEI 


Observations made on the nights of January 28 and February 2, 1946, of the light- 
curve of U Cephei at principal minimum have shown that the difference (O — C) be- 
tween the observed time of central minimum and that computed on the basis of Wen- 
dell’s elements, 

Mid-eclipse = 2407890.301+ 2.4928840E , 
is equal to 
(O i C) Wendell — + 0.198+ 0.005 days (E = 96 13) ° 

When this value of (0 — C) is compared with the value computed on the basis of the 

equation given by Tchudowitchev,! 


O—C= — 0.0050 + 0.0000165£+ 0.063 cos (0.028°E + 235°), 


the agreement is satisfactory, as can be seen in Figure 1. 
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This result is of interest, since Struve,? on November 8 and 13, 1943, found that 
Wendell’s elements gave 


(O —C) wenaett = +9.160 days (E = 9285), 


which falls considerably below Tchudowitchev’s curve, whereas observations made in 
1937 by Jones’ and Tecza‘ fell almost exactly on this curve. 

Struve? suggested that the departure which he observed was due either to an error in 
Tchudowitchev’s period for the apsidal motion or to residual fluctuations in the period. 
The present observations seem to confirm the latter suggestion. 


Joun G. PHILLIPS 
ARNE SLETTEBAK 
WILLIAMS Bay, WISCONSIN 
February 27, 1946 
* Bull. Engelhardt Obs., Kasan U., No. 17, 1939. 3 Harvard Bull., No. 905, 1937. 


Ap. J., 99, 226, 1944. + Acta Astr., C, 3, 131, 1937. 
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Allas der Restlinien, Vol. 11: Spektren der seltenen Erden. By A. GATTERER and J. JUNKEs, 
with the collaboration of V. Fropr. Vatican City: Vatican Press, 1945. Pp. 350+18 tables 
+45 photographic prints. $60. 


Seven years after the appearance of the first volume of the Aélas of ‘‘ultimate lines” (rates 
ultimes, Restlinien), containing the spectra of 30 elements, which was reviewed in this Journal! 
the same authors have published this magnificent work for the spectroscopists. 

This spectroscopic atlas fills a great need in the existing literature and furnishes a precise 
tool for the physicist and chemist. The second volume is divided into two parts: the first con- 
tains the text and the tables of wave lengths, the second the photographic reproductions of the 
spectra. It is dedicated to the Pope with these words: 

Pio XII Pont. Max./ optimarium artium fautori insigni dum omnia bello flagrant/ angelo pacis/ opus 
hoc/ ad scrutandam naturam intimam/ elementorum rariorum/ imaginibus luce expressis elaboratum/ 
grato pioque animo/ auctores dedicant. 


The authors are to be commended for being able to finish their task in spite of the difficulties 
caused by the war. F. Gatterer gives an account in the Preface of the increasing difficulties: 


The quiet so necessary for scientific work was almost continuously disturbed by the roar of the guns, 
by the rattling of the machine guns, and the bursting of the bombs very close to the Specola. The danger 
was so great for the persons and instruments as to render it necessary to move away from Castel Gandolfo 
until the end of hostilities. 


Notwithstanding these circumstances, the work is excellent and represents one of the first at- 
tempts to give the arc and spark spectra of all the rare earths in known and homogeneous excita- 
tion conditions, with large dispersion. 

It is known that the greatest difficulty in studying spectra which are so rich in lines as are 
those of the rare earths is that of the impurities, because of the analogy of their chemical prop- 
erties. We can, therefore, appreciate the ability and care exercised by the authors in the use of 
materials from various sources in correctly identifying the few lines of the foreign elements which 
are present in the final plates. 

The photographs of the spectra were made with a direct-current arc, and sometimes at high 
voltage with a condensed spark, in order to make a preliminary classification of the lines; the 
conditions of exposure were accurately controlled with a photoelectric device. 

In all, the Atlas contains the spectra of 18 elements: 14 of the rare earths and 4 of the homo- 
logues of lanthanum: scandium, yttrium, zirconium, and thorium, which have properties like 
those of the rare earths. For each element the existing literature is given, with a brief description 
of the lines and the band spectra, a table of the ultimate lines (Analysenlinien), an account of 
the impurities present in the spectrum, and the wave lengths measured by the authors, together 
with the intensities estimated in the arc and in the spark, the stages of ionization, and the biblio- 
graphical references. 

The second part contains the photographs of the spectra on 45 plates printed on Agfa Lupex 
paper in size 3040 cm. Each photograph gives in negative print (dark lines on white back- 
ground) a spectral region for six different elements. The arc spectra are given on 10 plates for the 
region from 2265 A to 7600 A, while the spark spectra are on 5 plates, limited to the spectral re- 
gion from 2265 A to 4530 A. For each spectral region and for each element the photographs show 
5 spectra: 3 of the element with various exposures and 2 of the comparison spectrum of iron. In 
the spaces between the spectra, the wave lengths of the principal lines are written in, to the hun- 
dredth of an angstrom. The photographs are accompanied by a series of tables, which give the 
ultimate lines of each element, and by a general index of the tables with the values of the mean 
dispersion in the various spectral regions. The Aélas contains 41,605 wave lengths, of which 
about one-fourth have been measured by the authors. 

GiorGIo ABETTI 
Astronomical Observatory 
Arcetri (Florence), Italy 


t Ap. J., 91, 479, 1940. 
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One Hundred Years of the Pulkovo Observatory. (In Russian.) Papers contributed by the Mem- 
BERS OF THE OBSERVATORY STAFF. Moscow and Leningrad: Academy of Sciences of the 
U.S.S.R., 1945. Pp. 271. 


The destruction of the Pulkovo Observatory during the siege of Leningrad is doubtless 
mourned most bitterly by those of us who were at one time connected with it. However, it cannot 
fail to depress every astronomer who is at all aware of the glorious tradition of this institution. Dr. 
Gould is said to have called it the astronomical capital of the world; and Newcomb, writing of it 
in 1903,' said: ‘‘From its foundation it has taken the lead in exact measurements relating to the 
motion of the earth and the positions of the principal stars.”’ Pulkovo’s great heritage is well de- 
scribed in this centennial history, which was completed before the siege of Leningrad; but the 
introduction, which was written later, leaves little doubt as to the extent of the calamity. Very 
little has been salvaged, aside from a few of the larger objectives and a small part of the library, 
which was one of the richest astronomical libraries in the world. 

The book is a collection of twenty-three articles written in 1940 and 1941 by sixteen Pulkovo 
astronomers to mark the observatory’s hundredth anniversary in 1939. The first chapter gives a 
brief outline of the general course of events. Subsequent chapters deal with the histories of the 
programs of individual instruments, accounts of the various astronomical and geodetic expedi- 
tions, theoretical studies, and plans for the future. The description of the astrometric work opens 
with a survey of the entire astrometric program at Pulkovo. Similarly, there are two general 
chapters dealing with the development of astrophysics preceding the more detailed articles. 
Finally, there are chapters on the teaching of postgraduates in astronomy and geodesy, and on 
the time service, the library, the museum, and the archives. 

It is widely recognized that the greatness of Pulkovo Observatory had its origin in the master- 
plan of its founder, Wilhelm Struve. It was his good fortune to be given a free hand in designing 
and constructing a first-class observatory for purely scientific research; probably it was the first 
government observatory which was not built as a naval or a geodetic institution, although it is 
true that the training of geodesists in practical astronomy was, from the start, made a small part 
of the observatory’s activities. Struve’s program was sidereal astronomy in the old sense. There 
were three aspects of it: (1) the precise determination of absolute right ascensions and declina- 
tions of a limited number of stars and the extension of this absolute system to a larger number of 
fainter stars; (2) new determinations of the constants of precession, nutation, aberration, and 
refraction; and (3) the observation of double stars. Much of this remains live research material 
to this day. That the program has yielded extremely valuable results which underlie our modern 
studies in stellar dynamics and statistics need hardly be pointed out. But it is well to realize that 
Struve himself clearly visualized the significance of his plan. In his ‘‘Etudes d’astronomie stel- 
laire”’ he deals with the same problems of stellar astronomy which we now associate with the 
names of Seeliger, Schwarzschild, and Kapteyn. 

At the outset there were five principal instruments: a transit instrument, a vertical circle, a 
meridian circle, a transit in the prime vertical, anda 15-inch refractor. The design of the instru- 
ments and the execution of the programs were notably successful, except in the case of the tran- 
sit in the prime vertical. The chapters dealing with the details of these make very good reading 
for anyone interested in fundamental astronomy; but it seems to this reviewer that the one con- 
cerning the vertical circle by B. A. Orlov merits special mention. The determination of absolute 
declinations is perhaps the knottiest problem of fundamental astronomy, and Orlov has con- 
tributed an absorbing chapter on it, describing the difficulties and how they were surmounted, 
toa great extent, in the course of nearly one hundred years of uninterrupted work. According to 
Newcomb: “‘In the hands of C. A. F. Peters one observation with this instrument [the vertical 
circle] was worth as much as twenty, thirty or even forty made by routine observers with the 
meridian circle.’”? 

The original 15-inch refractor and the 30-inch, erected in 1885, were primarily designated for 
double-star work; but, curiously enough, very little is said about it in this volume, in spite of 
nearly half a century of very valuable observations by Otto Struve. The 30-inch refractor was 
also used for observations of the satellites of planets, and as early as in 1892 it was being used for 
the determination of radial velocities. Incidentally, one of the first tasks for the 15-inch was a 
survey of all stars down to the seventh magnitude in order to obtain a working list for the merid- 
lan instruments, since there was at that time no Bonner Durchmusterung. 


‘Simon Newcomb, Reminiscences of an Astronomer, p. 309. Houghton, Mifflin & Co., 1903. 
*Simon Newcomb, Compendium of Spherical Astronomy, p. 344. New York: Macmillan Co., 1906. 
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In 1893 an astrographic telescope of the standard type inaugurated the work in photographic 
astrometry. One of the most important contributions made by means of this instrument is the 
volume of excellent proper motions in the Selected Areas which form such a valuable independent 
check on those derived at Radcliffe and have, in addition, the advantage of being reduced to ab- 
solute values. It was with this instrument, I believe, that Kostinsky discovered his famous 
photographic effect, later known as the “‘Eberhard effect.’’ The “‘zone astrograph,” erected in 
1929, was designed for the determination of the positions and proper motions of the AG stars, 
Pulkovo agreed to observe the zone from the North Pole to +70°. The work was almost complet- 
ed as the account was being written, and the instrument had been transferred to the ‘‘southern” 
station at Simeis (latitude +44°!). This station has been in operation since 1908. 

In the early development of astrophysics Pulkovo took relatively little part, although as early 
as in 1867 two Zéllner photometers were installed and used for various observations, and in 1883 
Hasselberg was appointed as astrophysicist, with the task of investigating the spectra of molec- 
ular gases in connection with the constitution of comets. After Bredikhin assumed the director- 
ship in 1890, much more attention was devoted to astrophysics, and Belopolsky and Kostinsky 
were brought from Moscow. 

Belopolsky is perhaps best known for his work on radial velocities and variations in line in- 
tensities. His name will always be associated with such stars as 6 Cep, n Aql, ¢ Gem, 6 Per, 
aCVn, and Polaris. He established the long-period variation in the orbital elements of Polaris, 
and his constant interest in solar physics culminated in the design of a large solar spectrograph 
with a dispersion of 0.76 A/mm; this he used for studying the rotation of the sun. A number of 
astrophysicists trained by him (Shajn, Albitsky, Melnikov, and others) continue in spectro- 
scopic research, and many new lines of research have been opened up at Pulkovo and also 
at Simeis with the 40-inch reflector (installed in 1925). We may mention a catalogue of radial 
velocities of early-type stars, an investigation of the 770 bands in the spectra of long-period vari- 
ables, studies of blue supergiants, and research concerning the CN absorption bands as criteria 
of absolute magnitude. Trials were also in progress for the determination of radial velocities 
with an objective-prism camera. 

Bredikhin was the first to work in theoretical astrophysics, and excellent work has been done 
in this field in recent years. It is understandable, but nonetheless greatly to be regretted, that the 
name of Gerasimovié does not appear on the pages of the book. His brilliant career as astronomer 
and director was suddenly cut short in 1937. This tragedy is not referred to in the book, so that 
the history of the last decade is somewhat inadequate. 

The work of Tikhov and his collaborators on photometry and colorimetry is described ina 
chapter by Tikhov himself. He began to use the 6-inch ““Bredikhin” short-focus camera almost 
as soon as it was installed in 1905. He introduced the method cf color filters and applied it to the 
observation of eclipsing variables. It was then that he discovered the much-disputed ‘“Tikhov- 
Nordman effect,’”’ and this controversial issue is presented impartially and with restraint. Tik- 
hov devised the method of estimating stellar colors from a single photograph, which he applied 
in the determination of the colors of faint stars in the Selected Areas. This method was later de- 
veloped in this country at the Lowell Observatory. At the same time Beliavsky in Simeis, using 
one of the two 5-inch cameras, obtained photographic magnitudes of a large number of stars, in- 
cluding the Coma cluster, 2777 stars in the north polar AG zone, and 9400 AG stars in the zone 
from +40° to +45°. 

Pulkovo’s contributions to stellar statistics date from Wilhelm Struve, and in recent years 
many of the younger astronomers have devoted much time to the subject; of the older men, the 
names of Shajn, Eigenson, and Ogrodnikov are well known in this country. The problems of 
interstellar absorption and diffuse nebulae have occupied much of their attention. In some In- 
stances new observational techniques have been introduced, as with the ‘‘zone-astrograph” in 
connection with magnitudes and star counts. 

The famous astronomical library at Pulkovo, which Newcomb’ referred to as ‘“‘perhaps the 
most complete in existence,” had its origin in a collection made by Struve in 1838. It grew im- 
mensely in quantity and value when the libraries of Olbers and Naumann were purchased in 1841 
and 1854, respectively. Frequent additions continued to be made, and by 1939 there were more 
than ninety thousand titles in the catalogue. Among the most precious acquisitions were the 
twenty-two volumes of Kepler’s manuscripts presented to the Russian Academy, by Catherine 
the Great and later transferred to the Pulkovo Observatory; these were kept in a special safe, 
and it is to be hoped that they were removed before the destruction of the building. However, 
we have no assurance of this, and the very existence of the manuscripts is barely mentioned. 
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Possibly this may be attributed to the point of view of the author of this section, as illustrated 
by the following quotation from Lenin with which the chapter concludes: ‘‘The fame and value 
of a library do not depend on the rarities it contains, such as 16th century editions or 10th cen- 
tury manuscripts, but rather they depend upon the extent of the circulation of its books among 
the common people 3 

The book, as a whole, is a very readable account of the development of many phases of astron- 
omy during the last hundred years. Theloveof astronomy and of Pulkovo Observatory, in partic- 
ular, is evident in all the authors, young and old; and painstaking care has been taken to have 
the outward appearance of the volume reflect this attitude. It is printed on excellent paper, and 
the typography is very pleasing, with appropriate initial blocks at the beginning of each chapter 
and with attractive vignettes scattered throughout the book. There are many illustrations of as- 
tronomers and instruments. 

A tradition of long standing at Pulkovo when I was there was its liberal spirit of free research. 
To some extent this was an outcome of the fact that the six senior astronomers were elected to 
their positions, in those days, by the Russian Academy of Sciences. Two occurrences during my 
rather brief association with the observatory may serve to illustrate this point. In the first case 
I was absent from Pulkovo as a junior member of an eclipse expedition when a new comet made 
its appearance. Before Dr. Backlund, the director, permitted Numerov to use the 15-inch re- 
fractor to observe it, he telegraphed me for my approval, since I was one of the two regular ob- 
servers with that instrument! The second instance, chosen from a number that I recall, occurred 
when there was a scientific controversy between the director and one of the astronomers; this 
matter was referred for discussion to the general meeting of astronomers, while the director ab- 
stained from participating. In spite of the fact that an overwhelming majority took the director’s 
point of view, the latter permitted the astronomer to publish his ‘discussion, although not as an 
observatory publication. From conversations with older Pulkovo astronomers at that time, I 
learned that this liberal spirit was not simply characteristic of Backlund but that it had existed 
there since the time of the first director, who was regarded as primus inter pares. After reading 
the present volume I infer that something of the same atmosphere continued until the observa- 
tory’s destruction. 

A. N. VyssoTskKy 


Leander McCormick Observatory 


Roemer and the First Determination of the Velocity of Light. By 1. BERNARD COHEN. New York: 
Burndy Library, Inc., 1944. Pp. 63. 


Astronomers, physicists, and all who are interested either in the history of science or in the 
varied activities of noted scientists will welcome this booklet, which contains far more than 
the title seems to suggest. 

It contains not only an account of Roemer’s determination of the velocity of light but also 
(1) a review of the opinions of his predecessors and contemporaries regarding the finiteness of 
that velocity, (2) remarks of his contemporaries regarding his determination, and (3) much bio- 
graphical material. There is a bibliography of thirty-one entries concerning Roemer and his 
work, and in the one hundred and nineteen footnotes about eighty additional sources of infor- 
mation are listed. 

It is to be regretted that Section 32, relating to thermometers, contains serious errors, not the 
least being the conclusion expressed in its final sentence: ‘Thus it is quite clear that it was Roe- 
mer who invented the modern thermometer and that the Fahrenheit thermometer should, in all 
fairness, be called the Roemer thermometer’! That claim, first advanced in a milder form by 
Kirstine Meyer (Nature, 82; 296-98, 1910; 139; 585-86, 1937), is not justified by the known 
facts and seems to rest on misinterpretations of memoranda and correspondence not intended 
lor publication. The reviewer hopes to consider this section in more detail at another time. 
Suffice it now to say that he believes that J. Newton Friend was entirely correct in stating 
(Nature, 139; 586, 1937) that what Fahrenheit learned from Roemer was not the thermometric 
scale but a handy procedure for calibrating thermometers so that they will accord with a cer- 
tain antecedently defined scale. In spite of this unfortunate section, the booklet is of great value 
and of much interest. 

The author explains that the main text of this booklet-—which was copyrighted in 1942 but 
which appeared ‘“‘on the 300th anniversary of the birth of Olaus Roemer, who was born on 
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September 25, 1644”’—was originally printed in /sis, 31; 327-79, 1940. But as only a few copies 
of the issue (No. 84) containing it reached the United States, it was decided to issue this Ameri 
can edition, and advantage was taken of the opportunity so offered to add certain "Addenda 

¢ orrigenda” and a new index of names. 

The booklet contains a portrait of Roemer, three facsimiles taken from Horrebow’s Ba 
astronomiciae (title-page, and illustrations of the Round Tower and of Roemer’s transit instry 
ment), and facsimiles (1) of Roemer’s report to the Paris Academy of Sciences—‘‘Demonstra-’ 
tion touchant le mouvement de la lumiére” (Jour. des Scavans, Dec. 7, 1676)—(2) of the Eng. 
lish translation of the preceding (Phil. Trans., 12; 893-94, 1677), and (3) of a manuscript folia 
discovered in 1913, containing a list of eclipses of Jupiter’s first satellite, in Roemer’s hand.” 
writing. Be 

Mr. Cohen has placed the historian of science in his debt by bringing together within a sm: 
compass so much information regarding Roemer and his work and by naming the original 
sources from which it was obtained. 

N. ERNEST DORSEY © 


Washington, D.C. 


A Textbook of Elementary Astronomy. By ERNEST AGAR BEET. Cambridge: At the University 
Press, 1945. Pp. x+ 110. $2.00. . 
The author, who is connected with the Nautical College at Pangbourne, has written 

book for use in schools. It “more than covers the syllabus suggested by the Science Maste 

Association.”’ The approach to the subject is experimental and historical, rather than math 

matical. 





